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Section 1

Introduction

This report describes the activities and findings conducted under contract NAS1-19858-93
with NASA Langley Research Center. Subject matter is the investigation of suitable multivariable
flight control design methodologies and solutions for large, flexible high-speed vehicles.
Specifically, methodologies are to address the inner control loops used for stabilization and
augmentation of a highly coupled airframe system possibly involving rigid-body motion, structural
vibrations, unsteady aerodynamics, and actuator dynamics. The flight control strategies must
address basic specifications/requirements,!.2 or clearly display the design tradeoffs to the flight
control engineer. Design and analysis techniques considered in this body of work are both
conventional-based3 and contemporary-based.4> The conventional-based schemes facilitate
understanding into the "physics" and lead to simple, effective solutions that go a long way in
implementation of a multiply redundant architecture requiring scheduling with flight condition and
modification during test and development. On the other hand, the contemporary-based schemes
provide powerful, efficient tools for closing multiple feedback loops in an integrated framework
and allow assessment of the upper limits of achievable closed-loop stability and performance.

The vehicle of interest is the High-Speed Civil Transport (HSCT).6.7 This vehicle is
projected to have a pitch divergence due to the relaxation of static stability at subsonic speeds.
Further, significant interaction between rigid-body and aeroelastic degrees of freedom is expected.
Characteristics of this sort will, by necessity, require a set of initial feedback loops to correct for
these deficiencies and bring the closed-loop vehicle system back to a level which is accéptable to
the pilot and passengers. Functions of this inner loop flight control system (FCS) for HSCT will
be to 1) értificially supply the stability inherently lacking in the airframe, 2) augment the key

pilot/passenger centered responses to obtain crisp, well damped behavior, and 3) suppress



aeroelastic motions in all responses, all with minimal FCS architecture. The objectives of the
contract work are to explore the possibilities for such an inner loop FCS.

This work is heavily dependent upon generation of representative airframe math models
with the requisite fidelity, as well as modifications made to these math models representing
hypothetical aerodynamic control surfaces. Section II presents two HSCT numerical models made
available to the contractor.8.9 The HSCT models were developed from a nonlinear simulation
tool10.11 at various stages in its development: Cycle 1 and Cycle 3.1a. Within this simulation tool,
aerodynamic load predictions associated with structural vibration and unsteady aerodynamic
coordinates are computed with the package Integrated Structures Aerodynamics and Controls
(ISAC).12 Comparisons of the HSCT models reveal good correlation for pitch rate and normal
acceleration dynamics at several sensor locations when excited by elevator and stabilator inputs. In
some sense, this result validates the current modeling process. More importantly, the correlations
validate results and conclusions from previous flight control investigations.!3 Section II also
describes the component build-up modeling procedure, and modifications made to the original
stability and control derivatives, to represent effects from small aerodynamic vanes located on the
forward fuselage. As will be shown, these vanes are crucial to the development of feasible inner
loop FCS architectures.

The contract Statement of Work (see Appendix A) consisted of three distinct tasks

contributing to the overall objective. These tasks include investigations of

1.  Control benefits derived from small forward aerodynamic control surfaces
(Conventional Multi-Sensor/Multi-Surface design strategies utilizing forward vanes),

2. Contemporary multivariable design strategies _
(Contemporary Multi-Sensor/Multi-Surface design strategies utilizing forward vanes), and

3.  Controllability requirements for rigid and elastic responses

(Sizing requirements for forward vanes).



In addition, it was felt prudent to re-examine the Multi-Sensor/Single-Surface structural mode
suppression logic utilized by John Wykes/North American Rockwell for the XB-70, in a final
attempt to avoid use of forward vanes.14-15 These tasks are briefly outlined here before moving on
to the dedicated chapters with detailed reporting of the activities. Due to limited resources and
NASA/Industry program emphasis and scheduling, Task 2 was assigned low priority and
postponed for future activities. This redistribution of effort does not imply contemporary
techniques are of lesser importance, rather it reflects on current needs and realistic deliverables in
the allotted contractual framework.

Section III describes the supplemental task of re-examining the Stability Augmentation
System (SAS) and Structural Mode Control System (SMCS) logic utilized by John Wykes/North
American Rockwell on the XB-70 program, in the context of HSCT. In the XB-70 program,
significant strides were made in simultaneously suppressing aeroelastic vibrations and augmenting
pitch characteristics with a single control input surface. If this success could be duplicated with
HSCT, the need for configuration redesign with forward vanes would diminish. The Wykes
control logic can be reinterpreted in the Multi-Sensor/Single-Surface framework previously
considered in Ref. 13. In Ref. 13, studies utilized low pass/band pass and lag-lead/lead-lag
blending filters with sensors located at 1,850 in and 2,500 in. The Wykes control law is
equivalent to lag-lead/high pass blending of sensors located at 1,850 in and 3,460 in. When
applied to HSCT, the Wykes control law is found to be unacceptable. The control logic
destabilizes higher frequency aeroelastic modes due to neglected but significant mode slope terms
and aerodynamic coupling terms. In addition, the lag-lead/high pass blending results in
nonminimum phase characteristics which reduce the upper limit of usable loop gain With this
reduced upper limit, augmentation of pitch and aeroelastic dampings is restricted. Similar results
were found in Ref. 13 for other Multi-Sensor/Single-Surface architectures. A Wykes SAS/SMCS
control law with elevator only does not appear feasible for HSCT.

Previous analysis and synthesis of conventional Single-Sensor/Single-Surface (SS/SS) and

Multi-Sensor/Single-Surface (MS/SS) FCS using the elevator indicate unacceptable design trades



between necessary bandwidth for low frequency pitch handling qualities and necessary attenuation
for aeroelastic stability margins, as well as an inability to control cockpit motions.!3 Multi-
Sensor/Multi-Surface (MS/MS) FCS architectures utilizing the elevator and wing trailing edge
surfaces have also been considered.13 Results indicate the wing trailing edge devices are not
appropriate for the aeroelastic suppression role. Section IV describes the first task of revisiting this
conventional MS/MS architecture using the elevator and hypothetical forward vanes, in order to
assess their control benefits. The new control surfaces provide an attractive solution to the noted
problems. Forward vanes significantly enlarge the tight design box by allowing separate loops
dedicated to aeroelastic suppression and pitch augmentation functions, and provide enhanced
control of cockpit motions. A MS/MS FCS utilizing forward vanes is offered as a feasible,
baseline architecture for the inner loops. This architecture is relatively simple and tractable, yet is
capable of achieving high levels of stability and performance, as evaluated by a mixture of criteria
and requirements commonly used within the flight dynamics and control community (although
applicability to aeroelastic vehicles has not been fully established, in some cases).

All analysis and synthesis utilizing the forward vanes are based upon the specific vane
model described in Section II. This model represents a "first-cut” design based upon vane
mounting location and vane-to-tail planform area ratios of other high-speed elastic vehicles. This
specific vane may be undersized, or oversized, from such a preliminary assumption. Section V
describes a vane sizing analysis that was undertaken to accomplish the third task. Analysis is
based on closed-loop simulation results. The closed-loop design from Section IV is excited with
both maneuver commands and atmospheric gusts, and the peak vane travel and rate activity are
recorded. Based upon hardware travel limit and rate limit values, the necessary surface area to
avoid saturation can be "reverse engineered” from the data. Surface area results can be scaled with
input amplitude. Maneuver commands dominate the vane travel activity, while both maneuver
commands and atmospheric gusts drive the peak rate activity. Large maneuver commands (such as
go around, high alpha recovery, etc.) will most likely drive small vanes beyond the travel and rate

limits. A critical design trade was uncovered in this study. The vane activity is approximately



halved with the elevator-to-vane crossfeed path absent from the baseline FCS in Section IV, but

this signal path is necessary for crew station flying quality and ride quality performance.



Section II
Aeroelastic Vehicle Modeling

A. Model Description

Modeling of highly integrated HSCT class vehicles requires the flight dynamics engineer to
return to the governing fundamental principles of rigid-body motion, structural vibrations,
unsteady aerodynamics, etc. Revisiting these principles allows the relevant features to enter the
early stages of the modeling process. The resulting models accurately capture the contributions
from each discipline to the overall dynamic behavior, as well as the interaction between the
disciplines. Refs. 12 and 16-19 describe such a process leading to nonlinear models, from which
linear models can be extracted for use in control system design.

The linear models are represented in state space form as
x=Ax +Bu+B’u+B"ii+Byd @.1)

y=Cx +Du+Du+D"ii+Dyd '
In general, the state vector x consists of the rigid-body positions and velocities, generalized
coordinates originating from the structural vibrations, and variables representing the unsteady

aerodynamic degrees of freedom. Focusing on the longitudinal dynamics leads to

T

x=luwqgb ..M. ..Nj.. ... Zj... (2.2)
u - forward speed
w - downward speed
q - pitch rate
0 - pitch angle
n; - generalized coordinate for ith aeroelastic mode
z; - ith unsteady aerodynamic state
Control inputs are denoted by u where

T
u=[55 8E SV “'STEi"‘ (23)

8g - stabilator deflection



dg - elevator deflection

8y - vane deflection

8rg; - ith wing trailing edge symmetric deflection
(TE1 is inboard most, TE4 is outboard most)

Further, disturbance inputs are denoted by d where
d=wg (2.4)
Wg - vertical gust

Finally, responses of interest y include measured pitch rates and vertical accelerations throughout

the vehicle,
T
y =[ ceixgeer eee a, xs...] (2.5)
dys - pitch rate at structural axes location x;
a,xs - vertical acceleration at structural axes location x,

If unsteady aerodynamics are modeled, then surface deflection rates and accelerations
become inputs leading to matrices B’, B", D', and D" as indicated in Eq. (2.1). To circumvent
this noncausal behavior, and to model the actuation hardware dynamics, 31 order actuator models
are considered as a "front end” to the airframe model. Fig. 1 illustrates this feature with the

elevator surface actuator. From Fig. 1, the elevator actuator model is

2
Op(s) =75 + P sz+2£00)s+0)2 Ec(S) (2.6)

S| [ o 1 o ||SE] o

o(=| © 0 1 Se [+ 0 JBg.

5p| | PO -2+ (p+2Gw) |5 | | pw?

5| 1 100oll%E

& 1001 5

| °E | E
P - actuator first order break frequency
€ - actuator second order damping
(0] - actuator second order natural frequency

Note G(s) represents the airframe transfer function matrix. Generalizing for all actuator hardware,

or



(2.7)
u C?
ul= CaXa
u C;
leads to the overall airframe-actuator model
X A A X 0 Bd uc
Xa = 0 A Xa + B O d ~ ’ ”
a a A =BC+B'C,+B"C, 2.8)
BRI u, & =DC,+D’C,+D"C, '
I MY
5 y
E G(s
— (®)
O
SEC + O O
1/s 1/s F-

p2lw+w? "

pw2

Figure 1. Overall Airframe-Actuator Model

In keeping with traditional analysis techniques, an approximate von Karman turbulence

filter20 excited by noise n is utilized to generate stochastic disturbance gust velocities, or

K(s+z)(s+z5)

= 2.
"6 = Gorp Gp ) " 29
w 0 1 0 v 0

W= 0 0 1 wi+] O

wl [~(P1P2P3) ~(P1P2#+P2P3+P3P1) ~(P1+P2+P3) kz,2;



w
WG = [1 (Zl+22)/2122 1/2122] W

w
k= 12460, (Vy/L)"? 2, =03820 VoL 2, =7.704 V. /L
pp = 0.4801 V/L py=1.215 Vo/L p3=11.14 V/L
Owg - gust standard deviation
L - gust characteristic length

V1 - total flight speed

Fig. 2 illustrates this turbulence filter and its connection to the vehicle model. Generalizing the

notation for the gust filter yields

X, =A X, +B.n
dicgfgg £ (2.10)

G(s)

P1P2P3

Figure 2. Overall Airframe-Gust Model

Two numerical models of the type discussed here were made available by NASA Langley
for the Ref. HHSCT.8 The baseline configuration is shown in Fig. 3. The vehicle consists of a
long slender fuselage with a highly swept cranked delta wing and conventional aft tail. Wing and
tail placement, in relation to the operational range of mass centers, results in relaxed pitch stability

at low speeds. The low aspect ratio plate-like wing structure leads to complex vibrational shapes



$9zce

Figure 3. Ref. H HSCT Configuration
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which do not resemble conventional modes of high-aspect ratio cantilevered surfaces. Note the
forward crew station can be thought of as being cantilevered on the tip of a long elastic appendage.
Appendix B describes one of the NASA Langley numerical models which reflects the most
current data available to the flight controls team. The Ref. H Cycle 3.1a Simulation!! was utilized
for model development. Internally, the Cycle 3.1a tool relies upon the package known as
Integrated Structures Aerodynamics and Controls (ISAC).12 This model contains the full set of
rigid-body states, as well as 17 aeroelastic modes. No unsteady aerodynamic coordinates or gust
inputs are included in this model. The model was supplied as an overall airframe-actuator package.
However, the actuation model was modified to match characteristics in the Appendix C model.

The Appendix B model corresponds to the following flight condition.

Source: NASA Langley (Appendix B)
Trim Condition: Wings-Level, Level, Rectilinear Flight, Landing Approach Phase )
M=0.24 | h =500 ft | W = 384,862 Ibf (M3A)

Appendix C describes the other NASA Langley model. This model is essentially identical
to the Appendix D model in Ref. 13, which was utilized heavily in previous flight control design
studies. The only differences are 1) stability and control effects from forward vanes, 2) mode
shape data covering the aft region of the airframe, 3) inclusion of the stabilator input, and 4)
inclusion of vertical gust input. The model is an aggregate model fusing the forward speed degree
of freedom stability and control derivatives from the rigid-body Ref. H Cycle 1 Simulation10 with
ISAC output data. At the time of construction, dynamic aeroelastic modeling capability was not
available in the simulation tool. Due to the lack of a rigid-body forward speed degree of freedom
in the ISAC models (i.e., essentially a short period approximation), manual fusion of the data was
a necessary step. This procedure is discussed further in Section II-C of Ref. 13. The model
includes 17 aeroelastic modes and 10 unsteady aerodynamic states. Also, the model was supplied

as an overall airframe-actuator-gust package. The relevant flight condition data is listed below.

Source: NASA Langley (Appendix C)
Trim Condition: Wings-Level, Level, Rectilinear Flight, Landing Approach Phase
M =0.24 [h=0ft | W =384,862 (M3A)

11



B. Model Comparison and Characteristics

Modeling a highly elastic vehicle with unsteady air flow is a difficult task. Current
procedures for generating such models are being expanded and refined. As wisdom should have
it, initial analysis should compare/contrast similar models from independent sources to assess if
they are in rough agreement, thereby invoking confidence in predictions of vehicle motions. On
the other hand, if considerable differences do exist, the implication is to use caution when relying
upon the model. Models in Appendix B and C are examined in this way. In terms of flight
condition and modeling assumptions, the two models are very similar, thus allowing a valid
comparison. Mach-Altitude parameters are nearly equivalent (500 ft altitude difference only).
Both models utilize the same finite element structural data base (ELFINI 1080-892STR), and
correspond to identical mass cases with mass coupling effects taken out. Further, actuation
characteristics for all the aerodynamic surfaces are equivalent. Also, aerodynamic effects from
close proximity to the ground are excluded in both models. Noted differences between the models
include reliance upon separate aerodynamic data bases (Cycle 3 vs. Cycle 1 and different ISAC
runs), and unsteady aerodynamic effects (quasi-static vs. true unsteady). At the time of analysis,
the nonlinear simulation tool did not allow for unsteady aerodynamic states in the Appendix B
model, precluding a more direct "item for item" comparison. Dependence upon characteristic
deflection shapes also differ somewhat (discrete data vs. continuous data via polynomial fits).
Polynomial fits to the discrete mode shape data can introduce small differences in the deflection and
slope values associated with the higher frequency modes. However, the benefits of having smooth
transfer function behavior during sensor placement studies far out weigh these costs. Finally, the
models differ (a small effect) due to the presence of forward vanes in the Appendix C model.

Figs. 4-15 illustrate the frequency response characteristics of both models, for several
types of measured responses at different locations, excited by various aerodynamic surface
deflections. Measured responses include both pitch rate and vertical acceleration at the crew station
(358 in) and center of mass (2,152 in). Excitation sources consist of the stabilator, elevator, and

wing trailing edge deflections. In all stabilator and elevator driven responses (Figs. 4-7 and 10-
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13), rigid-body and aeroelastic modes correlate well between one model and the other. Small
differences at low frequencies (less than 3 rad/s), near the 31d oscillatory and aperiodic slow and
fast modes, are most likely associated with reliance upon different aerodynamic data bases and
different ISAC runs. Another source for small differences in the vertical accelerations at very low
frequencies is the term "+gsin(©()0". The Appendix B model includes this term, the Appendix C
mode] does not. In the aeroelastic mode frequency region {more than 3 rad/s), small differences
can be traced to dissimilar unsteady aerodynamic models and the use of smoothed mode shape
data. Larger differences are seen between the two models at the high-end of the dynamic
spectrum. This difference is most likely associated with the different ISAC runs having different
convergence criteria. With control loop attenuation, these noted high frequency differences will
not be of concern. In all wing trailing edge driven responses (Figs. 8-9 and 14-15), the aeroelastic
mode correlation between the models breaks down beyond the 20d aeroelastic mode (more than 13
rad/s). The source of this mismatch could possibly be due to early ISAC model development
approximations such as utilization of fuselage centerline mode shapes, rather than outboard wing
mode shapes, when computing control derivatives for the trailing edge surfaces. Without the
necessary model data, further investigation can not take place. Wing trailing edge devices will not
be utilized in feedback control studies here.

In general, very good agreement exists between the predicted dynamic characteristics of the
two models for stabilator and elevator inputs. These correlations between the models in Appendix
B and C validate, in some limited sense, the modeling process conducted in the nonlinear
simulation tool, and in particular the linear model generation process. In other words, two separate
modeling procedures yield the same dynamic characteristics. More importantly, high correlation of
the aged model in Appendix C with the newer and updated characteristics in the Appendix B model
validate conclusions and results from previous flight control investigations (which utilize the
Appendix C model).13 In this reference, the major conclusion, that single aft surface inner loop
FCS architectures are not feasible, impacts overall configuration design and all major supporting

disciplines. Results in Figs. 4-7 and 10-13 imply the "best available" modeling accuracy, as

13



reflected by the Appendix B model, for predicting airframe dynamic characteristics, can be
reasonably approximated by conducting analyses with the Appendix C model. Therefore, further

FCS investigations in this report will utilize the Appendix C model.
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Dynamic characteristics associated with key transfer functions of the HSCT airframe that
will appear latter in control system design activities are discussed next. Tab. 1 lists the poles of the
Appendix C airframe-actuator model. At this low-speed, low-altitude condition, the HSCT
inherent pitch instability is clearly present. Rigid-body modes consist of the so called third
oscillatory mode and two real axis modes, one fast and stable, the other slow and unstable.
Aeroelastic mode frequencies include the 15t and 20d mode values at 7.7 and 12.8 rad/s all the way
up to a value of 65.1 rad/s for the 17th mode with unsteady aerodynamic modes throughout this
frequency range. Damping ratios for the aeroelastic modes are extremely light (i.e., on the order of
0.1 or sometimes considerably less). Unsteady aerodynamic modes have reciprocal time constants

ranging from 0.86 to 29.4 1/s.

Tabs. 2-13 contain the transfer function gains and zeros for measured pitch rate and vertical
acceleration to elevator and vane, at three key locations along the fuselage centerline: 400, 1,850
and 3,460 in. These positions yield coverage over the vehicle length and correspond to the vane
mounting point, the anti-node of the 18t aeroelastic mode, and the elevator hinge line. The crew
station is only 3.5 ft removed from the vane mounting, therefore, response characteristics at 400 in
will reflect what the pilot experiences. Figs. 16-27 show the corresponding frequency responses.
Each set of factored numerators contain the rigid-body zeros 1/'!:91 and 1/‘592 for pitch rate, rigid-
body zeros 1/‘razl , ll'tazz, 1/1:323, and 1/7,, 4 for vertical acceleration (or complex conjugate
equivalents), a pair of zeros for every aeroelastic mode, and a zero for every unsteady aerodynamic
mode. In addition, two zeros having there origin from the noncausal input terms B'u and B"ii in
Eq. (2.1) are present, and canceling zeros associated with the other channel actuators.

In general, observe from the frequency responses and tabular data how the aeroelastic
modes excite the sensors at different frequencies, as the sensor mounting location is varied along
the fuselage. Aeroelastic contamination of all responses is clearly seen. The 1st aeroelastic zeros
essentially cancel the 18t aeroelastic poles when the rate gyro is located at 1,850 in. At 400 in, the
18t aeroelastic zeros of the pitch rate to vane transfer function are minimum phase, have complex

root structure, and are located directly below the 1St aeroelastic poles (i.e., collocated
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actuator/sensor pair). On the other hand, at 400 in for pitch rate to elevator, the 1! aeroelastic
zeros consist of real roots with one located in the right-half plane (i.e., an extreme non-collocated
actuator/sensor pair). These trends and others can be correlated with the structural vibration mode
shapes for the fuselage centerline shown in Fig. 28. X, and z; denote typical structural axes with
X, pointing aft, z; pointing up, and origin located at the nose.

In Tabs. 2-13, note the zeros associated with unsteady aerodynamic modes are always
located close to the pole. These unsteady aerodynamic dipoles with "tight" structure do not appear
to significantly impact the dynamics, other than introducing small phase variations. The most
significant impact from unsteady aerodynamics comes into play through the noncausal zeros
associated with the B'u and B"ii terms. These noncausal zeros are primarily determined by the
quadratic term B"s2+B's+B. These roots lie well inside the actuator bandwidth (compare Tabs. 1
and 2), and amplify the aeroelastic frequency region due to a lack of actuator attenuation until
higher frequencies. This feature is more easily recognized graphically. Typically with aeroelastic
models, attenuation characteristics are a gradual (-20 db/dec) roll off due to the fundamental rigid-
body physics of rate-to-force transfers, with superimposed aeroelastic peaks and troughs. In Fig.
16, the -20 db/dec attenuation behavior is missing in the 10 to 100 rad/s frequency range due to the

noncausal zeros. This behavior leads to large aeroelastic peak values.
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ppendix C Model

Table 1. Poles Of

Root Location (1l/s) Freqg. (rad/s) Damping {~) Description
-7.9137e-02+ 1.4458e-01i 1.6482e-01 4.8013e-01 Mid Period (3rd Osc)
=-7.9137e-02- 1.4458e-01i 1.6482e-01 4.8013e-01 Mid Period (3rd Osc)

1.7766e-01 1.7766e-01 -1.0000e+00 Slow
~-6.6819e-01 6.6819e-01 1.0000e+00 Fast
-8.5519%9e-01 8.5519e-01 1.0000e+00 Unsteady Aero 1
-1.3592e+00 1.3592e+00 1.0000e+00 Unsteady Aero 2
-4.2577e+00 4.2577e+00 1.0000e+00 Unsteady Aero 3
-3.4547e-01+ 7.6804e+00i 7.6881le+00 4.4935e-02 Aeroelastic 1
-3.4547e-01- 7.6804e+001 7.6881e+00 4.4535e-02 Aercelastic 1
-8.3170e+00 8.3170e+00 1.0000e+00 Unsteady 2ero 4
-9.3213e+00+ 3.2228e-01i 9.3269%e+00 9.9940e-01 Unsteady Aerc 5
-9.3213e+00~ 3.2228e-011i 9.3269e+00 9.9940e-01 Unsteady Aero 6
-1.1150e+01 1.1150e+01 1.0000e+00 Unsteady Aero 7
-7.5590e-01+ 1.2783e+01i 1.2806e+01 5.9028e-02 Aeroelastic 2
-7.5590e-01- 1.2783e+011i 1.2806e+01 5.9028e-02 Aeroelastic 2
-1.3487e+01 1.3487e+01 1.0000e+00 Unsteady RAero 8
-1.0920e+00+ 1.6934e+01i 1.63969e+01 6.4353e-02 Aeroelastic 3
-1.0920e+00~ 1.6934e+01i 1.6969e+01 6.4353e-02 Aeroelastic 3
-1.8717e-01+ 1.7264e+01i 1.7265e+01 1.0841le-02 Aeroelastic 4
-1.8717e-01- 1.7264e+01i 1.7265e+01 1.0841le-02 Aerocelastic 4
-1.8306e+01 1.8306e+01 1.0000e+00 Unsteady Aero 9
-1.9000e+01 ) 1.9000e+01 1.0000e+00 Stabilator Actuator
-3.1204e-01+ 1.9563e+01i 1.9565e+01 1.5949e-02 Aerocelastic 5
-3.1204e-01- 1.9563e+01i 1.9565e+01 1.5949e-02 Aeroelastic 5
—2.0000e+017 2.0000e+01 1.0000e+00 Trailing Edge 1 Actuator
-2.8716e-01+ 2.0829e+01i 2.0831e+01 1.3785e-02 Aeroelastic 6
-2.8716e-01- 2.0829e+01i 2.0831e+01 1.3785e-02 Aeroelastic 6
~2.1000e+01 2.1000e+01 1.0000e+00 Trailing Edge 2 Actuator
-2.2000e+01 2.2000e+01 1.0000e+00 Elevator Actuator
-2.2000e+01 2.2000e+01 1.0000e+00 Vane Actuator
-2.3000e+01 2.3000e+01 1.0000e+00 Trailing Edge 3 Actuator
-2.4000e+01 2.4000e+01 1.0000e+00 Trailing Edge 4 Actuator
-3.1140e-01+ 2.4273e+01i 2.4275e+01 1.2828e-02 Aeroelastic 7
-3.1140e-01- 2.4273e+011i 2.4275e+01 1.2828e-02 Aeroelastic 7
-1.9558e+00+ 2.9246e+011 2.9311e+01 6.6726e-02 Aeroelastic 8
=1.9558e+00- 2.9246e+01i 2.9311e+01 6.6726e-02 Aeroelastic 8
-2.9351e+01 2.9351e+01 1.0000e+00 Unsteady Aero 10
~-3.5782e-01+ 3.5652e+01i 3.5654e+01 1.0036e-02 Aercelastic 9
-3.5782e~01- 3.5652e+011 3.5654e+01 1.0036e-02 Aeroelastic 9
-9.1268e-01+ 4.2395e+01i 4.2405e+01 2.1523e-02 Aercelastic 10
-9.1268e~01- 4.2395e+011i 4.2405e+01 2.1523e-02 Aeroelastic 10
-6.9489%e-01+ 4.6602e+011i 4.6607e+01 1.490%e-02 Aerocelastic 11
-6.9489e-01- 4.6602e+01i 4.6607e+01 1.4909e-02 Aeroelastic 11
-9.0245e-01+ 5.3631e+01i 5.363%e+01 1.6825e-02 Aeroelastic 12
-9.0245e-01- 5.3631e+01i 5.363%e+01 1.6825e-02 Aeroelastic 12
-7.4053e-01+ 5.6048e+011i 5.6053e+01 1.3211e-02 Aeroelastic 13
-7.4053e-01- 5.6048e+01i 5.6053e+01 1.3211e-02 Aeroelastic 13
-8.8368e~01+ 6.040le+011 6.0407e+01 1.4629e-02 Aercelastic 14
-8.8368e-01- 6.0401e+01i 6.0407e+01 1.462%e-02 Aeroelastic 14
-3.2257e+00+ 6.1401e+01i 6.1486e+01 5.2462e-02 Aerocelastic 15
-3.2257e+00- 6.1401e+01i 6.1486e+01 5.2462e-02 Aeroelastic 15
-8.4990e-01+ 6.2380e+011i 6.2386e+01 1.3623e-02 Aercelastic 16
-8.4990e-01- 6.2380e+01i 6.2386e+01 1.3623e-02 Aeroelastic 16
-7.2400e-01+ £.5083e+01i 6.5087e+01 1.1124e-02 Aeroelastic 17
-7.2400e-01- 6.5083e+011 6.5087e+01 1.1124e-02 Aercelastic 17
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Table 1. Continued
~-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator
-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator
~1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01 Trailing Edge 1 Actuator
~1.4142e+02- 1.4142e+02i __2.0000e+02 7.0710e-01 Trailing Edge 1 Actuator
-1.4849%e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01 Trailing Edge 2 Actuator
-1.4849e+02- 1.4849%e+02i 2.1000e+02 7.0710e-01 Trailing Edge 2 Actuator
-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01 Elevator Actuator
-1.5556e+02- 1.5556e+02i 2.,2000e+02 7.0710e-01 Elevator Actuator
-1.5556e+02+ 1.5556e+021 2.2000e+02 7.0710e-01 Vane Actuator
-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01 Vane Actuator
-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01 Trailing Edge 3 Actuator
-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01 Trailing Edge 3 Actuator
~-1.6970e+02+ 1.6970e+021 2.4000e+02 7.0710e-01 Trailing Edge 4 Actuator
-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01 Trailing Edge 4 Actuator
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Zeros Of Appendix C Model For 400 in Pitch Réte To Elevator Channel

Table 2.
Gain = -2.1345e+02 rad/s/rad )
Root Location (1/s) Freq. (rad/s) Damping (-) Description
0 0 1.0000e+00 Pitch "Rate"
-4.2957e-03 4.2957e-03 1.0000e+00 Tau Theta 1
-4.8215e-01 4.8215e-01 1.0000e+00 Tau Theta 2
-7.3580e-01 7.3580e-01 1.0000e+00 Unsteady Aero 1
-1.3602e+00 1.3602e+00 1.0000e+00 Unsteady Aero 2
-4.8325e+00+ 1.5792e-01i 4.8351e+00 9.9947e-01 Unsteady Aero 3
-4.8325e+00~ 1.5792e-011i 4.8351e+00 9.9947e-01 Aeroelastic 1
5.5433e+00 5.5433e+00 -1.0000e+00 Aeroelastic 1
-8.2182e+00 8.2182e+00 1.0000e+00 Unsteady Aero 4
-B.9847e+00+ 2.1916e+00i 9.2482e+00 9.7151e-01 Unsteady Aero 5
-8.9847e+00~ 2.1916e+001 9.2482e+00 9.7151e-01 Unsteady Aero 6
-1.0823e+01 1.0823e+01 1.0000e+00 Unsteady Aero 7
-1.1706e+01+ 7.544%e+001 1.3927e+01 8.4053e-01 Unsteady Aero 8
~1.1706e+01- 7.5449e+00i 1.3927e+01 8.4053e-01 Noncausal Rate
-1.1881e+00+ 1.4138e+011 1.4188e+01 8.3741le-02 Aeroelastic 2
-1.1881e+00- 1.4138e+01i 1.4188e+01 8.3741e-02 Aercelastic 2
-1.5980e+01 1.5980e+01 1.0000e+00 Unsteady Aero 9
-1.7269e-01+ 1.7262e+01i 1.7263e+01 1.0004e-02 Aeroelastic 3
-1.7269%9e-01- 1.7262e+011 1.7263e+01 1.0004e-02 Aeroelastic 3
~7.1568e-01+ 1.8841e+011 1.8855e+01 3.7958e-02 Aeroelastic 4
-7.1568e-01- 1.8841e+01i 1.8855e+01 3.7958e-02 Aeroelastic 4
-1.9000e+01 1.9000e+01 1.0000e+00 Stabilator Actuator
-2.0480e-01+ 1.96%6e+011 1.9697e+01 1.0397e-02 Aercelastic 5
-2.0480e-01- 1.9696e+011i 1.9697e+01 1.0397e-02 Aeroelastic 5
-2.0000e+01 - 2.0000e+01 1.0000e+00 Trailing Edge 1 Actuator
-2.1000e+01 2.1000e+01 1.0000e+00 Trailing Edge 2 Actuator
-2.2000e+01 2.2000e+01 1.0000e+00 Vane Actuator
-2.3000e+01 2.3000e+01 1.0000e+00 Trailing Edge 3 Actuator
-2.4000e+01 2.4000e+01 1.0000e+00 Trailing Edge 4 Actuator
-1.1586e+01+ 2.1164e+011i 2.4128e+01 4.8021e-01 Aeroelastic 6
-1.1586e+01- 2.1164e+01i 2.4128e+01 4.8021e-01 Aeroelastic 6
-2.915%e-01+ 2.4423e+01i 2.4425e+01 1.1938e-02 Aeroelastic 7
-2.915%e-01- 2.4423e+01i 2.4425e+01 1.1938e-02 Aerocelastic 7
2.2906e+01+ 1.3520e+011 2.6598e+01 ~8.6118e-01 Aercelastic 8
2.2906e+01- 1.3520e+01i 2.6598e+01 -8.6118e-01 Aeroelastic 8
-3.0907e+01 3.0907e+01 1.0000e+00 Unsteady Aero 10
8.1385e+00+ 4.0372e+01i 4.1184e+01 -1.976le-01 Aeroelastic 9
8.1385e+00- 4.0372e+011 4.1184e+01 -1.9761le-01 Aerocelastic 9
-6.8058e-01+ 4.1583e+011 4.1589e+01 1.6365e-02 Aeroelastic 10
~6.8058e-01- 4.1583e+011 4.158%e+01 1.6365e-02 Aercelastic 10
-5.6056e+00+ 4.4476e+01i 4.4828e+01 1.2505e-01 Aeroelastic 11
-5.6056e+00- 4.4476e+011i 4.4828e+01 1.2505e-01 Aeroelastic 11
~6.5744e-01+ 5.6411e+011 5.6416e+01 1.2363e-02 Aercelastic 12
-6.9744e-01- 5.6411e+01i 5.6416e+01 1.2363e-02 Aeroelastic 12
~-8.7376e+00+ 5.5985e+01i 5.6663e+01 1.5420e-01 Aeroelastic 13
-8.7376e+00- 5.5985e+011i 5.6663e+01 1.5420e-01 Aeroelastic 13
5.7633e+01 5.7633e+01 ~1.0000e+00 Noncausal Acceleration
7.5621e+00+ 5.8873e+01i 5.9357e+01 ~1.2740e-01 Aeroelastic 14
7.5621e+00- 5.8873e+01i 5.9357e+01 -1.2740e-01 Aeroelastic 14
-3.6777e+00+ 6.1330e+01i 6.1441e+01 5.9857e-02 Aercelastic 15
-3.6777e+00- 6.1330e+011 6.1441e+01 5.9857e-02 Aeroelastic 15
~-8.4996e~-01+ 6.2328e+011 6.2334e+01 1.3636e-02 Aeroelastic 16
-8.4996e-01- 6.2328e+01i 6.2334e+01 1.3636e-02 Aeroelastic 16
-3.5423e+00+ 6.9037e+01i 6.9128e+01 5.1242e-02 Aeroelastic 17
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Table 2. Continued

-3.5423e+00- 6.9037e+011 6.9128e+01 5.1242e-02 Aeroelastic 17
-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator
-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator
-1.4142e+02+ 1.4142e+021 2.0000e+02 7.0710e-01 Trailing Edge 1 Actuator
-1.4142e+02- 1.4142e+02i1 2.0000e+02 7.0710e-01 Trailing Edge 1 Actuator
-1.4849e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01 Trailing Edge 2 Actuator
-1.4849e+02- 1.4849%e+02i 2.1000e+02 7.0710e-01 Trailing Edge 2 Actuator
-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01 Vane Actuator
-1.5556e+02- 1.5556e+021 2.2000e+02 7.0710e-01 Vane Actuator
-1.6263e+02+ 1.6263e+021 2.3000e+02 7.0710e-01 Trailing Edge 3 Actuator
-1.6263e+02- 1.6263e+021 2.3000e+02 7.0710e-01 Trailing Edge 3 Actuator
-1.6970e+02+ 1.6970e+021 2.4000e+02 _7.0710e-01 Trailing Edge 4 Actuator
-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01 Trailing Edge 4 Actuator
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Zeros Of Appendix C Model For 1,850 in Pitch Rate

Table 3. To Elevator Channel
Gain = 1.8707e+01 rad/s/rad
Root Location (1/s) Freqg. (rad/s) Damping (-) Description
0 0 1.0000e+00 Pitch "Rate"

-4.6378e-03 4.6378e-03 1.0000e+00 Tau Theta 1
-4.7774e-01 4.7774e-01 1.0000e+00 Tau Theta 2
-7.3042e-01 7.3042e-01 1.0000e+00 Unsteady Aero 1
-1.3598e+00 1.3598e+00 1.0000e+00 Unsteady Aero 2
-4.3275e+00 4.3275e+00 1.0000e+00 Unsteady Aero 3
-7.3185e+00 7.3185e+00 1.0000e+00 Unsteady 2ero 4
-2.2041e-01+ 7.5144e+00i 7.5176e+00 2.931%e-02 Aeroelastic 1
~2.2041e-01- 7.5144e+00i 7.5176e+00 2.9319%e-02 Aerocelastic 1
~-8.6014e+00 8.6014e+00 1.0000e+00 Unsteady Aero 5
-9.4612e+00 9.4612e+00 1.0000e+00 Unsteady Aeroc 6
-1.1112e+01 1.1112e+01 1.0000e+00 Unsteady 2ero 7
-1.2277e+00+ 1.4031e+01i 1.4085e+01 8.7166e-02 Aeroelastic 2
-1.2277e+00~ 1.4031e+01i 1.4085e+01 8.7166e-02 Aeroelastic 2
-1.4714e+01 1.4714e+01 1.0000e+Q0 Unsteady Aero 8
~1.7252e-01+ 1.7263e+011i 1.7264e+01 9.9928e-03 Aeroelastic 4
-1.7252e-01- 1.7263e+01i 1.7264e+01 9.9928e-03 Aeroelastic 4
-1.4168e+01+ 1.1515e+01i 1.8258e+01 7.7602e-01 Unsteady Aero 9
-1.4168e+01- 1.1515e+01i 1.8258e+01 7.7602e-01 Aeroelastic 3

1.860%e+01 1.8609%9e+01 -1.0000e+00 Aeroelastic 3
-6.8532e-01+ 1.8882e+01i 1.8894e+01 3.6271e-02 Aercelastic 5
-6.8532e-01- 1.8882e+01i 1.8894e+01 3.6271e-02 Aeroelastic 5
-1.9000e+01 1.5000e+01 1.0000e+00 Stabilator Actuator
~1.9770e-01+ 1.9704e+01i 1.9705e+01 1.0033e-02 Aercelastic 6
-1.9770e-01- 1.9704e+01i 1.9705e+01 1.0033e-02 Aerocelastic 6
-1.9872e+01 1.9872e+01 1.0000e+00 Unsteady Aero 10
-2.0000e+01 2.0000e+01 1.0000e+0Q0 Trailing Edge 1 Actuator
~-2.1000e+01 2.1000e+01 1.0000e+00 Trailing Edge 2 Actuator
-2.2000e+01 2.2000e+01 1.0000e+00 Vane Actuator
~-2.3000e+01 2.3000e+01 1.0000e+00 Trailing Edge 3 Actuator
-2.4000e+01 2.4000e+01 1.0000e+00 Trailing Edge 4 Actuator
-3.0152e-01+ 2.440%e+011i 2.4411e+01 1.2352e-02 Aeroelastic 7
-3.0152e-01- 2.440%e+01i 2.4411e+01 1.2352e-02 Aeroelastic 7
-3.4877e-01+ 3.0789e+01i 3.0791e+01 1.1327e-02 Aeroelastic 8
-3.4877e-01- 3.0789%e+01i 3.07%91e+01 1.1327e-02 Aerocelastic 8
~-6.1879%e-01+ 4.1244e+01i 4.1249%e+01 1.5001e-02 Aeroelastic 10
-6.1879e-01- 4.1244e+011 4.1249e+01 1.5001e-02 Aeroelastic 10

1.1303e+01+ 4.4748e+01i 4.6153e+01 -2.4490e-01 Aeroelastic 11

1.1303e+01- 4.4748e+01i 4.6153e+01 -2.4490e-01 Aeroelastic 11
-6.7012e+00+ 4.7043e+011 4.7518e+01 1.4102e-01 Aeroelastic 12
-6.7012e+00- 4.7043e+01i 4.7518e+01 1.4102e-01 Aeroelastic 12
-4.4525e+01+ 2.3B08e+01i 5.0491e+01 8.8184e-01 Aeroelastic 9
-4.4525e+01- 2.3808e+011i 5.0491e+01 8.8184e-01 Aeroelastic 9
-6.9670e-01+ 5,6408e+01i 5.6413e+01 1.2350e-02 Aeroelastic 13
~-6.9670e-01- 5.6408e+01i 5.6413e+01 1.2350e-02 Aeroelastic 13
-5.8057e-01+ 5.8379e+011i 5.8382e+01 9.9443e-03 Aeroelastic 14
-5.8057e-01- 5.8379e+01i 5.8382e+01 9.9443e-03 Aeroelastic 14
~-3.6590e+00+ 6.1051e+01i 6.1161e+01 5.9826e-02 Aeroelastic 15
-3.6590e+00- 6.1051e+01i 6.1161e+01 5.9826e-02 Aeroelastic 15
-8.4107e-01+ 6.2334e+011 6.2340e+01 1.3492e-02 Aeroelastic 18
-8.4107e-01- 6.2334e+01i 6.2340e+01 1.3492e-02 Aerocelastic 16
~1.2648e+00+ 6.7467e+011i 6.7478e+01 1.8744e-02 Aeroelastic 17
-1.2648e+00- 6.7467e+011 6.7478e+01 1.8744e-02 Aeroelastic 17

4.0838e+01+ 8.7425e+011i 9.6493e+01 -4.2323e-01 Noncausal Rate
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Continued

Table 3.
4.0838e+01- 8.7425e+011i 9.6493e+01 -4.2323e-01 Noncausal Acceleration
-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilatoxr Actuator
-1.3435e+02- 1.3435e+02i 1.9000e+02 _ 7.0710e-01 Stabilator Actuator
-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01 Trailing Edge 1 Actuator
-1.4142e+02- 1.4142e+021 2.0000e+02 7.0710e-01 Trailing Edge 1 Actuator
-1.4849e+02+ 1.4849%e+02i 2.1000e+02 7.0710e-01 Trailing Edge 2 Actuatoxr
-1.4849e+02- 1.4849e+02i 2.1000e+02 7.0710e~01 Trailing Edge 2 Actuator
-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01 Vane Actuator
-1.5556e+02~ 1.5556e+02i 2.2000e+02 7.0710e-01 Vane Actuator
-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01 Trailing Edge 3 Actuator
-1.6263e+02- 1.62§3e+02i 2.3000e+02 7.0710e-01 Trailing Edge 3 Actuator
-1.6970e+02+ 1.6970e+021 2.4000e+02 7.0710e-01 Trailing Edge 4 Actuator
-1.6970e+02- 1.6970e+021 2.4000e+02 7.0710e-01 Trailing Edge 4 Actuator
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Table 4. Zeros Of Appendix C Model For 3,460 in Pitch Rate To Elevator Channel
Gain = -2.0283e+03 rad/s/rad
Root Location (1/s) Freg. {(rad/s) Damping (-) Description
0 0 1.0000e+00 -
~4.9135e-03 4.9135e-03 1.0000e+00 -
-4.7327e-01 4.7327e-01 1.0000e+00 -
-7.2387e-01 7.2387e-01 1.0000e+00 -
-1.3595e+00 1.3595e+00 1.0000e+00 -
-1.5970e-01+ 3.2064e+00i 3.2104e+00 4.9744e-02 -
-1.5970e-01- 3.2064e+001 3.2104e+00 4.9744e-02 -
-4.2406e+00 4.2406e+00 1.0000e+00 -
-8.4480e+00+ 2.7789%e-01i 8.4526e+00 9.9946e-01 -
-8.4480e+00- 2.7789e-01i 8.4526e+00 9.9946e-01 -
-8.7277e-02+ 1.0558e+011i 1.0558e+01 8.2663e-03 -
-8.7277e-02- 1.0558e+011 1.0558e+01 8.2663e-03 -
-1.0646e+01 1.0646e+01 1.0000e+00 ~
-1.1058e+01 1.1058e+01 1.0000e+00 -
-1.2817e+01 1.2817e+01 1.0000e+00 -
~1.0171e+00+ 1.4219%e+01i 1.4255e+01 7.1350e-02 -
-1.0171e+00- 1.4219e+01i 1.4255e+01 7.1350e-02 -
-1.7247e-01+ 1.7257e+01i 1.7257e+01 9.9942e-03 -
~-1.7247e-01- 1.7257e+011i 1.7257e+01 9.9942e-03 -
-1.8035e+01 1.8035e+01 1.0000e+00 -
~-6.5305e-01+ 1.8246e+01i 1.8258e+01 3.5768e-02 -
-6.5305e-01- 1.8246e+01i 1.8258e+01 3.5768e-02 -
-1.9128e+01 1.95128e+01 1.0000e+00 -
-2.4464e-01+ 1.9600e+011i 1.9602e+01 1.2480e-02 -
~2.4464e-01- 1.9600e+01i 1.9602e+01 1.2480e-02 ~
-1.9752e+01 . 1.9752e+01 1.0000e+00 -
-2.1526e+01+ 1.3992e-011 2.1527e+01 9.9998e-01 -
-2.1526e+01- 1.3992e-011i 2.1527e+01 9.9958e-01 ~
-1.4866e-01+ 2.167%e+011i 2.1679e+01 6.8571e-03 -
~1.4866e-01- 2.1679e+01i 2.1679e+01 6.8571e-03 -
-2.3110e+01 2.3110e+01 1.0000e+00 -
-2.3978e+01 2.3978e+01 1.0000e+00 -
-3.1078e-01+ 2.4282e+011i 2.4284e+01 1.2798e-02 -
-3.1078e-01- 2.4282e+01i 2.4284e+01 1.2798e-02 -
-3.5407e+01+ 1.1873e+001i 3.5427e+01 9.9944e-01 -
-3.5407e+01- 1.1873e+00i 3.5427e+01 9.9944e-01 -
~1.6288e-01+ 3.5894e+01i 3.5895e+01 4.5377e-03 -
~-1.6288e-01- 3.5894e+01i 3.5895e+01 4.5377e-03 -
-9.2871e-01+ 4.4226e+011 4.4236e+01 2.0995e-02 -
-9.2871e-01- 4.4226e+01i 4.4236e+01 2.0995e-02 -
3.94%4e+00+ 4.8414e+011 4.8575e+01 -8.1306e-02 -
3.9494e+00- 4.8414e+011i 4.8575e+01 -8.1306e-02 -
-3.9299e+00+ 4.9008e+011 4.9166e+01 7.9933e-02 -
-3.9299%e+00- 4.9008e+011i 4.9166e+01 7.9933e-02 -
-5.8349%e-01+ 5.5417e+01i 5.5420e+01 1.0529%e-02 -
-5.834%e-01- 5.5417e+01i 5.5420e+01 1.052%e-02 -
-7.7748e-01+ 5.8947e+011 5.8952e+01 1.3188e-02 -
~-7.7748e-01- 5.8947e+01i 5.8952e+01 1.318Be-02 -
~-3.447%e+00+ 6.1260e+011 6.1357e+01 5.6194e-02 -
-3.4479e+00- 6.1260e+011 6.1357e+01 5.6194e-02 -
-8.3462e-01+ 6.2375e+011 6.2380e+01 1.3380e-02 -
-8.3462e-01- 6.2375e+011 6.2380e+01 1.3380e-02 -
-6.4431e-01+ 6.4570e+01i 6.4574e+01 9.9779e-03 -
-6.4431e-01- 6.4570e+011 6.4574e+01 9.9779e-03 -

35




Table 4. Continued
-7.4749e+01 7.4749%9e+01 1.0000e+00
-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01
-1.3435e+02~ 1.3435e+02i1 1.9000e+02 7.0710e-01
-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01
~1.4142e+02- 1.4142e+023 2.0000e+02 7.0710e-01
-1.4849e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01
-1.4849e+02- 1.4849%e+021 2.1000e+02 7.0710e-01
-1.5556e+02+ 1.5556e+021 2.2000e+02 7.0710e-01
-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01
-1.6263e+02+ 1.6263e+021 2.3000e+02 7.0710e-01
-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01
-1.6970e+02+ 1.6970e+021i 2.4000e+02 7.0710e-01
-1.6970e+02- 1.6970e+021i 2.4000e+02 7.0710e-01
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Table 5. Zeros Of Appendix C Model For 400 in Pitch Rate To Vane Channel
Gain = 4.7673e+06 rad/s/rad
Root Location (1/s) Freqg. (rad/s) Damping (-) Description

0 0 1.0000e+00 Pitch "Rate"
-3.3139e-03 3.3139e-03 1.0000e+00 Tau Theta 1
-4.6652e-01 4.6652e-01 1.0000e+00 Tau Theta 2
~-7.3330e-01 7.3330e-01 1.0000e+00 Unsteady Aero 1
~1.3576e+00 1.3576e+00 1.0000e+00 Unsteady Aero 2
-1.6974e-01+ 2.1432e+00i 2.1500e+00 7.8952e-02 Aeroelastic 1 )
-1.6974e-01- 2.1432e+00i 2.1500e+00 7.8952e-02 Aeroelastic 1
-4.2202e+00 4.2202e+00 1.0000e+00 Unsteady Aero 3
-8.274Q0e+00 8.2740e+00 1.0000e+00 Unsteady Aero 4
-9.1709e+00 9.1709e+00 1.0000e+00 Unsteady Aero 5
-9.4719%e+00 9.4719%e+00 1.0000e+00 Unsteady Aero 6
-5.8408e-01+ 1.0983e+01i 1.0998e+01 5.3107e-02 Aeroelastic 2
-5.8408e-01- 1.0983e+01i 1.0998e+01 5.3107e-02 Aeroelastic 2
-1.1230e+01 1.1230e+01 1.0000e+00 Unsteady Aero 7
-1.3542e+01 1.3542e+01 1.0000e+00 Unsteady Aero 8
-9.7380e-01+ 1.5187e+01i 1.5218e+01 6.3991e-02 Aeroelastic 3
-9.7380e-01- 1.5187e+01i 1.5218e+01 6.3991e-02 Aercelastic 3
-1.7335e-01+ 1.7264e+01i 1.7265e+01 1.0040e-02 Aeroelastic 4
~1.7335e-01- 1.7264e+01i 1.7265e+01 1.0040e-02 Aeroelastic 4
-6.9425e-01+ 1.8286e+01i 1.8299%e+01 3.7940e-02 Aeroelastic 5
-6.9425e-01- 1.8286e+01i 1.829%e+01 3.7940e-02 Aeroelastic 5
-1.8854e+01 1.8854e+01 1.0000e+00 Unsteady Aero 9
-1.9000e+01 1.9000e+01 1.0000e+00 Stabilator Actuator
-2.3977e-01+ 1.9644e+01i 1.9646e+01 1.2205e-02 Aerocelastic 6
-2.3977e-01- 1.9644e+01i 1.9646e+01 1.2205e-02 Aeroelastic 6
-2.0000e+01 2.0000e+01 1.0000e+00 Trailing Edge 1 Actuator
~-2.1000e+01 2.1000e+01 1.0000e+00 Trailing Edge 2 Actuator
~-2.2000e+01 2.2000e+01 1.0000e+00 Elevator Actuator
-2.3000e+01 2.3000e+01 1.0000e+00 Trailing Edge 3 Actuator
-3.5589e-01+ 2.3196e+01i 2.3199e+01 1.5341le-02 Aeroelastic 7
~3.558%e-~01- 2.3196e+01i 2.3199%e+01 1.5341e-02 Aeroelastic 7
-2.4000e+01 2.4000e+01 1.0000e+00 Trailing Edge 4 Actuator
~-1.5387e+00+ 2.8611le+011i 2.8653e+01 5.3702e-02 Aeroelastic 8
-1.5387e+00- 2.8611e+01i 2.8653e+01 5.3702e-02 Aeroelastic 8
-2.9338e+01 2.9338e+01 1.0000e+00 Unsteady Aero 10
-7.9676e-01+ 3.1663e+011 3.1673e+01 2.5156e-02 Aeroelastic 9
-7.9676e-01- 3.1663e+01i 3.1673e+01 2.5156e-02 Aeroelastic 9
-9.1811e~01+ 4.2355e+011} 4.2365e+01 2.1671e-02 Aeroelastic 10
~-9.1811e-01- 4.2355e+011i 4.2365e+01 2.1671e-02 Aerocelastic 10
-5.6739%e-01+ 4.4740e+011 4.4743e+01 1.2681le-02 Aeroelastic 11
-5.673%e-01- 4.4740e+01i 4.4743e+01 1.2681e-02 Aeroelastic 11
~8.715%e-01+ 5.2862e+011 5.286%e+01 1.6486e-02 Aeroelastic 12
-8.7159e-01- 5.2862e+01i 5.2869e+01 1.6486e-02 Aercelastic 12
-7.8541le-01+ 5.5918e+011 5.5924e+01 1.4044e-02 Aeroelastic 13
~7.8541e-01- 5.5918e+01i 5.5924e+01 1.4044e-02 Aeroelastic 13
-7.8138e-01+ 5.8897e+01i 5.8902e+01 1.3266e-02 Aeroelastic 14
-7.8138e-01- 5.8897e+01i 5.8902e+01 1.3266e-02 Aeroelastic 14
~3.278%e+00+ 6.1390e+011 6.1478e+01 5.3335e-02 Aeroelastic 15
-3.2789e+00- 6.1390e+011i 6.1478e+01 5.3335e-02 Aeroelastic 15
-7.6298e-01+ 6.2299e+011i 6.2303e+01 1.2246e-02 Aeroelastic 16
~-7.6298e-01- 6.2299%e+01i 6.2303e+01 1.2246e-02 Aeroelastic 16
-8.3436e-01+ 6.4451e+01i 6.4457e+01 1.2944e-02 Aeroelastic 17
-8.3436e-01- 6.4451e+011i 6.4457e+01 1.2944e-02 Aeroelastic 17
~1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator
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Table 5. Continued

-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator
-1.4142e+02+ 1.4142e+021i 2.0000e+02 7.0710e-01 Trailing Edge 1 Actuator
-1.4142e+02- 1.4142e+021 2.0000e+02 7.0710e-01 Trailing Edge 1 Actuator
-1.4849e+02+ 1.484%e+021 2.1000e+02 7.0710e-01 Trailing Edge 2 Actuator
-1.4849%e+02- 1.4849%e+02i 2.1000e+02 7.0710e-01 Trailing Edge 2 Actuator
-1.5556e+02+ 1.5556e+021 2.2000e+02 7.0710e-01 Elevator Actuator
-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01 Elevator Actuator
-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01 Trailing Edge 3 Actuator
-1.6263e+02- 1.6263e+02i1 2.3000e+02 7.0710e-01 Trailing Edge 3 Actuator
-1.6970e+02+ 1.6370e+021 2.4000e+02 7.0710e-01 Trailing Edge 4 Actuator
-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01 Trailing Edge 4 Actuator
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Table 6. Zeros Of Appendix C Model For 1,850 in Pitch Rate To Vane Channel

Gain = -1.0114e+05 rad/s/rad

Root Location (1/s) Freg. (rad/s) Eaxpingi(—) Description
0 0 1.0000e+00 Pitch "Rate"

-5.8897e-03 5.8897e-03 1.0000e+00 Tau Theta 1
~-4.4322e-01 4.4322e-01 1.0000e+00 Tau Theta 2
-7.2421e-01 . 7.2421e-01 1.0000e+00 Unsteady Aero 1
-1.3578e+00 1.3578e+00 1.0000e+00 Unsteady Aero 2
-4.1466e+00 4.1466e+00 1.0000e+00 Unsteady Aero 3
-5.3080e-01+ 7.9075e+001 7.9253e+00 6.6975e-02 Aeroelastic 1
-5.3080e-01- 7.9075e+00i 7.9253e+00 6.6975e-02 Aeroelastic 1
-8.1343e+00+ 9.3030e-011i 8.1874e+00 9.9352e-01 Unsteady Aero 4
-8.1343e+00- 9.3030e-01i 8.1874e+00 9.9352e-01 Unsteady Aero 5
-9.9182e+00+ 7.6790e-02i 9.9185e+00 9.9997e-01 Unsteady Aero 6
-9.9182e+00~- 7.6790e-021i 9.9185e+00 9.9997e-01 Aeroelastic 2

1.0023e+01 1.0023e+01 -1.0000e+00 Aeroelastic 2
-1.1308e+01 1.1308e+01 1.0000e+00 Unsteady Aerc 7
-1.3738e+01 1.3738e+01 1.0000e+00 Unsteady Aero 8
-1.1039%e+00+ 1.4258e+01i 1.4301e+01 7.7192e~02 Aeroelastic 3
-1.103%9e+00- 1.4258e+011i 1.4301e+01 7.7192e-02 Aeroelastic 3
-1.7316e-01+ 1.7263e+01i 1.7263e+01 1.0030e-02 Aeroelastic 4
-1.7316e-01- 1.7263e+011 1.7263e+01 1.0030e-02 Aeroelastic 4
~-7.7741e-01+ 1.8299%e+011 1.8315e+01 4.2447e-02 Aeroelastic 5
-7.7741e-01- 1.8299%e+011 1.8315e+01 4.2447e-02 Aeroelastic 5
-1.8644e+01 1.8644e+01 1.0000e+00 Unsteady Aero 9
-2.3388e-01+ 1.9656e+011i 1.9657e+01 1.1898e-02 Aerocelastic 6
-2.3388e-01- 1.9656e+011 1.9657e+01 1.1898e-02 Aeroelastic 6
~-1.9000e+01 1.9000e+01 1.0000e+00 Stabilator Actuator
-2.0000e+01 2.0000e+01 1.0000e+00 Trailing Edge 1 Actuator
-2.1000e+01 2.1000e+01 1.0000e+00 Trailing Edge 2 Actuator
-2.2000e+01 2.2000e+01 1.0000e+00 Elevator Actuator
-3.4935e-01+ 2.3577e+01i 2.3580e+01 1.4816e-02 Aerocelastic 7
-3.4935e-01- 2.3577e+01i 2.3580e+01 1.4816e-02 Aeroelastic 7
-2.3000e+01 2.3000e+01 1.0000e+00 Trailing Edge 3 Actuator
-2.4000e+01 2.4000e+01 1.0000e+00 Trailing Edge 4 Actuator
-2.0295e+00+ 2.9157e+01i 2.9227e+01 6.9440e-02 Aerocelastic 8
~-2.0295e+00- 2.9157e+01i 2.9227e+01 6.9440e-02 Aeroelastic 8
-2.9561le+01 2.956le+01 1.0000e+00 Unsteady Aero 10
-4.4544e-01+ 3.9346e+011i 3.9349e+01 1.1320e-02 Aeroelastic 9
-4.4544e-01- 3.9346e+011i 3.934%e+01 1.1320e-02 Aercelastic 9
-8.8010e-01+ 4.2514e+01i 4.2523e+01 2.0697e-02 Aeroelastic 10
-8.8010e-01- 4.2514e+011i 4.2523e+01 2.0697e-02 Aeroelastic 10
~9.4895e-01+ 5.2453e+011 5.2461e+01 1.808%e-02 Aercelastic 11
-9.4895e-01- 5.2453e+01i 5.2461le+01 1.808%e-02 Aerocelastic 11
-7.8428e-01+ 5.5973e+01i 5.5978e+01 1.4010e-02 Aerxocelastic 12
-7.8428e-01- 5.5973e+01i 5.5978e+01 1.4010e-02 Aeroelastic 12
-2.9875e+00+ 6.1274e+011 6.1347e+01 4.8699%e-02 Aeroelastic 13
-2.9875e+00- 6.1274e+01i 6.1347e+01 4.8699e-02 Aerxoelastic 13
-8.3789e-01+ 6.1761e+01i 6.1766e+01 1.3565e-02 Aerocelastic 14
-8.3789%e-01- 6.1761e+01i 6.1766e+01 1.3565e-02 Aeroelastic 14
~-1.398le+00+ 6.2873e+011 6.2888e+01 2.2231e-02 Aerocelastic 15
~-1.3981e+00- 6.2873e+011i 6.2888e+01 2.2231e-02 Aercelastic 15
-1.1198e+01+ 6.8650e+011i 6.9557e+01 1.609%e-01 Aeroelastic 16
~-1.1198e+01- 6.8650e+01i 6.9557e+01 1.6099e-01 Aeroelastic 16
9.4640e+00+ 6.9112e+011 6.9757e+01 ~1.3567e-01 Aeroelastic 17
9.4640e+00- 6.9112e+01i 6.9757e+01 -1.3567e-01 Aeroelastic 17
-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator
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Table 6. Continued

-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01 Stabilator Actuator
-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01 Trailing Edge 1 Actuator
-1.4142e+02- 1.4142e+021 2.0000e+02 7.0710e-01 Trailing Edge 1 Actuator
-1.484%e+02+ 1.4849%e+02i 2.1000e+02 7.0710e-01 Trailing Edge 2 Actuator
-1.4849%e+02- 1.4849e+02i 2.1000e+02 7.0710e-01 Trailing Edge 2 Actuator
-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01 Elevator Actuator
-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01 Elevator Actuator
-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01 Trailing Edge 3 Actuator
-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01 Trailing Edge 3 Actuator
-1.6970e+02+ 1.6970e+021 2.4000e+02 7.0710e-01 Trailing Edge 4 Actuator
-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01 Trailing Edge 4 Actuator
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Table 7. Zeros Of Appendix C Model For 3,460 in Pitch Rate To Vane Channel

Gain = -8.7033e+04 rad/s/rad

Description

Root Location (1/s) Freqg. (rad/s) Damping (-)

0 0 1.0000e+00 -
~7.4858e-03 7.4858e-03 1.0000e+00 -
-4.2794e-01 4.2794e-01 1.0000e+00 -
-7.1636e-01 7.1636e-01 1.0000e+00 -
-1.3583e+00 1.3583e+00 1.0000e+00 -
~4.3347e+00+ 3.8391e-011i 4.3516e+00 9.9610e-01 -
~4.3347e+00- 3.8391e-01i 4.3516e+00 9.9610e-01 -

4.8353e+00 4.8353e+00 -1.0000e+00 -
-8.6186e+00 8.6186e+00 1.0000e+00 -
~9.5966e+00+ 1.5892e+001i 9.7273e+00 9.8656e-01 -
~-9.5966e+00- 1.5892e+001i 9.7273e+00 9.8656e-01 -
-1.1234e+01 1.1234e+01 1.0000e+00 -
-1.2946e+01 1.2946e+01 1.0000e+00 -
-1.2364e+00+ 1.4013e+011i 1.4067e+01 8.7892e~-02 -
-1.2364e+00- 1.4013e+01i 1.4067e+01 8.7892e-02 -
-1.6332e+01 1.6332e+01 1.0000e+00 -
-1.7346e-01+ 1.7262e+011i 1.7263e+01 1.0048e-02 -
-1.7346e-01- 1.7262e+011 1.7263e+01 1.0048e-02 -
-7.7301e-01+ 1.8672e+01i 1.8688e+01 4.1365e-02 -
~7.7301e-01- 1.8672e+01i 1.8688e+01 4.1365e~-02 -
~1.9276e+01+ 4.4104e-011i 1.9281e+01 9.9974e-01 -
~1.9276e+01- 4.4104e-01i 1.9281e+01 9.9974e-01 -
-2.1396e-01+ 1.9690e+01i 1.9691e+01 1.0866e-02 -
-2.1396e-01- 1.9690e+01i 1.9691e+01 1.0866e-02 -
-2.1554e+01+ B8.8990e-01i 2.1573e+01 9.9915e-01 -
-2.1554e+01- 8.8990e-01i 2.1573e+01 9.9915e-01 -
-2.3676e+01+ 6.7014e~02i 2.3676e+01 1.0000e+00 -
-2.3676e+01- 6.7014e-021i 2.3676e+01 1.0000e+00 -
-3.4488e-01+ 2.4429e+01i 2.4432e+01 1.4116e-02 -
-3.4488e-01- 2.4429%e+01i 2.4432e+01 1.4116e-02 -

1.5449%e+01+ 2.1453e+01i 2.6436e+01 -5.8437e-01 -

1.544%e+01- 2.1453e+01i 2.6436e+01 -5.8437e-01 -
-1.5327e+01+ 2.1753e+01i 2.6610e+01 5.7597e-01 -
~1.5327e+01- 2.1753e+011i 2.6610e+01 5.7597e-01 -
-2.9778e+01 2.9778e+01 1.0000e+00 -
-2.2172e+00+ 3.3092e+01i 3.3166e+01 6.6852e-02 -
-2.2172e+00- 3.3092e+01i 3.3166e+01 6.6852e-02 -
-9.0747e-01+ 4.1976e+011 4.1986e+01 2.1614e-02 -
-9.0747e-01- 4.1976e+01i 4.1986e+01 2.1614e-02 -
-9.3167e-01+ 5.1790e+01i 5.179%e+01 1.7986e-02 -
-9.3167e-01- 5.1790e+011 5.1799e+01 1.7986e-02 -
-7.2913e-01+ 5.6576e+011i 5.658le+01 1.2887e-02 -
~7.2913e-01- 5.6576e+01i 5.6581e+01 1.2887e-02 -
-1.481le+01+ 5.7947e+011i 5.9810e+01 2.4763e-01 -
~1.4811le+01- 5.7947e+01i 5.9810e+01 2.4763e-01 -
~3.2853e+00+ 6.1186e+01i 6.1274e+01 5.3616e-02 -
-3.2853e+00- 6.1186e+011 6.1274e+01 5.3616e-02 -
~7.7845e-01+ 6.2420e+011i 6.2425e+01 1.2470e-02 -
=7.7845e-01- 6.2420e+011 6.2425e+01 1.2470e-02 -

1.6669e+01+ 6.1058e+011i 6.3292e+01 -2.6337e-01 -

1.6669e+01- 6.1058e+01i 6.3292e+01 -2.6337e-01 -
2.1926e+00+ 7.2660e+011 7.2693e+01 ~-3.0162e-02 -
2.1926e+00- 7.2660e+01i 7.2693e+01 -3.0162e-02 -
~1.3435e+02+ 1.3435e+021 1.9000e+02 7.0710e-01 -

41




Table 7. Continued
~1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01
-1.4142e+02+ 1.4142e+021 2.0000e+02 7.0710e-01
-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01
—1.4849%e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01
-1.4849e+02- 1.4849e+02i 2.1000e+02 7.0710e-01
-1.5556e+02+ 1.5556e+02i 2.2000e+02" 7.0710e-01
~-1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01
-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01
-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01
-1.6970e+02+ 1.6970e+021 2.4000e+02 7.0710e-01
-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01
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Table 8. Zeros Of Appendix C Model For 400 in Vertical Acceleration To Elevator Channel
Gain = -2.7221e+02 ft/s"2/rad
Root Location (1/s) Freqg. (rad/s) Dampiggi(—) Description
0 0 1.0000e+00 -
2.8141e-02 2.8141e-02 -1.0000e+00 -
~-6.5819e-01 ) 6.5819e-01 1.0000e+00 -
-4.2680e-01+ 1.0391e+001 1.1233e+00 3.799%4e-01 -
-4.2680e-01- 1.0391e+001 1.1233e+00 3.799%4e-01 ~
-1.3576e+00 1.3576e+00 1.0000e+00 -
-4.1873e+00 4.1873e+00 1.0000e+00 -
-6.8167e+00 6.8167e+00 1.0000e+00 -
-8.1987e+00 8.1987e+00 1.0000e+00 ~
-1.0709e+01 1.0709e+01 1.0000e+00 -
~1.0778e+01+ 2.8160e+00i 1.1140e+01 9.6752e-01 ~
-1.0778e+01- 2.8160e+00i 1.1140e+01 9.6752e-01 -
1.2035e+01 1.2035e+01 -1.0000e+00 -
-1.0692e+01+ 8.9173e+00i 1.3922e+01 7.6795e-01 -
-1.06%92e+01- 8.9173e+00i 1.3922e+01 7.6795e-01 -
-1.197%e+00+ 1.4149e+01i 1.4200e+01 8.4357e-02 -
-1.157%e+00- 1.4149%e+01i 1.4200e+01 8.4357e-02 -
~-1.6154e+01 1.6154e+01 1.0000e+00 -
-1.7283e-01+ 1.7263e+01i 1.7263e+01 1.0011e-02 -
-1.7283e-01- 1.7263e+01i 1.7263e+01 1.0011le-02 -
-7.2877e-01+ 1.887le+01i 1.8885e+01 3.8590e-02 -
-7.2877e-01- 1.8871e+01i 1.8885e+01 3.8590e-02 -
-1.9000e+01 1.9000e+01 1.0000e+00 -
-2.0823e-01+ 1.9702e+01i 1.9703e+01 1.0568e~02 -
-2.0823e-01- 1.9702e+01i 1.9703e+01 1.0568e-02 -
-2.0000e+01 2.0000e+01 1.0000e+00 -
-2.099%e+01 2.0999e+01 1.0000e+00 -
1.5952e+01+ 1.5076e+01i 2.1949e+01 -7.2678e-01 -
1.5952e+01- 1.5076e+011i 2.194%e+01 -7.2678e-01 -
-2.2001e+01 2.2001e+01 1.0000e+00 -
~-2.3001le+01 2.3001e+01 1.0000e+00 -
~2.4001e+01 2.4001e+01 1.0000e+00 -
-2.7952e-01+ 2.4414e+01i 2.4415e+01 1.1449%e-02 -
-2.7952e-01- 2.4414e+01i 2.4415e+01 1.144%e-02 -
-9.1251e+00+ 2.3142e+01i 2.4876e+01 3.6682e-01 -
~9.1251e+00- 2.3142e+011i 2.4876e+01 3.6682e-01 -
-3.3857e+01 3.3857e+01 1.0000e+00 -
3.4622e+00+ 3.7807e+011i 3.7965e+01 -9.1193e-02 -
3.4622e+00- 3.7807e+01i 3.7965e+01 -9.1193e-02 -
~3.5137e-01+ 4.1913e+01i 4.1915e+01 8.382%e-03 -
~3.5137e-01- 4.1913e+01i 4.1915e+01 8.3829e-03 -
-2.6411e+00+ 4.5281e+01i 4.5358e+01 5.822%e-02 -
-2.6411e+00- 4.528le+01i 4.5358e+01 5.8229%e-02 -
1.2798e+00+ 5.6126e+011 5.6140e+01 -2.27%6e-02 ~
1.2798e+00~ 5.6126e+01i 5.6140e+01 -2.279%6e-02 -
-1.9557e+00+ 5.643%e+011 5.6473e+01 3.4630e-02 -
~1.9557e+00- 5.6439%e+011i 5.6473e+01 3.4630e-02 -
-1.0494e+00+ 5.7782e+011 5.7792e+01 1.8158e-02 -
-1.0494e+00- 5.7782e+011i 5.7792e+01 1.8158e-02 ~
-3.4058e+00+ 6.1666e+011 6.1760e+01 5.5145e-02 -
-3.4058e+00- 6.1666e+011 6.1760e+01 5.5145e-02 -
-8.5624e-01+ 6.2343e+01i 6.2349e+01 1.3733e-02 -
-8.5624e-01- 6.2343e+01i 6.2349e+01 1.3733e-02 -
-7.9946e-01+ 6.6205e+011 6.6210e+01 1.2075e-02 -
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Table 8. Continued
-7.9946e-01- 6.6205e+01i 6.6210e+01 1.2075e-02
~1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01
~1.3435e+02- 1.3435e+02i 1.95000e+02 7.0710e-01
~1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01
_1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01
—1.4849e+02+ 1.4849e+02i 2.1000e+02 7.0710e-01
~1.4B49e+02- 1.4849e+02i 2.1000e+02 7.0710e-01
~1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01
1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01
.1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01
~1.6263e+02~- 1.6263e+02i 2.3000e+02 7.0710e-01
-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01
-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01
-2.1977e+03 2.1977e+03 1.0000e+00




Table 9. Zeros Of Appendix C Model For 1,850 in Vertical Acceleration To Elevator Channel

Gain = 4.1678e+02 ft/s"2/rad

Root Location (1/s) Freqg. (rad/s) Damping (-) Description
0 (4] 1.0000e+00 -
2.8583e-02 2.8583e-02 -1.0000e+00 -
-6.4979%e-01 6.4979e-01 1.0000e+00 -
-1.3543e+00 1.3543e+00 ] 1.0000e+00 -
-2.6731e+00 2.6731e+00 1.0000e+00 -
2.6570e+00+ 2.7515e+00i 3.8250e+00 -6.9465e-01 -
2.6570e+00- 2.7515e+00i 3.8250e+00 -6.9465e-01 -
-3.8479e+00+ 1.9085e+00i 4.2952e+00 8.9586e-01 ~
-3.8479e+00- 1.9085e+001i 4.2952e+00 B8.9586e-01 ~
-8.3750e+00+ 7.0143e-01i 8.4043e+00 9.9651e-01 -
-8.3750e+00- 7.0143e-01i 8.4043e+00 9.9651e-01 -
-1.1044e+01+ 4.9147e-01i 1.1055e+01 9.9901e-01 -
-1.1044e+01- 4.9147e-01i 1.1055e+01 9.9901e-01 -
-1.3887e+00+ 1.4743e+01i 1.4809e+01 9.3778e-02 -
-1.3887e+00- 1.4743e+01i 1.480%e+01 9.3778e-02 -
~1.3873e+01+ 8.8758e+00i 1.6469e+01 8.4235e-01 -
-1.3873e+01- B8.8758e+00i 1.6469e+01 8.4235e-01 -
-1.7334e-01+ 1.7261e+011i 1.7262e+01 1.0042e-02 -
-1.7334e-01- 1.726l1e+01i 1.7262e+01 1.0042e-02 -
-1.7557e+01 1.7557e+01 1.0000e+00 -
-1.8996e+01 1.8996e+01 1.0000e+00 -
1.0835e+00+ 1.8987e+011i 1.9018e+01 -5.6971e-02 -
1.0835e+00- 1.8987e+011i 1.9018e+01 -5.6971e-02 -
-1.4395e+00+ 1.9328e+01i 1.9381e+01 7.4273e-02 -
-1.4395e+00- 1.9328e+01i 1.9381le+01 7.4273e-02 -
-2.5923e-01+ 1.9634e+011i 1.9636e+01 1.3202e-02 -
-2.5923e-01- 1.9634e+011 1.9636e+01 1.3202e-02 -
-2.0014e+01 2.0014e+01 1.0000e+00 -
~-2.0980e+01 2.0980e+01 1.0000e+00 -
-2.2015e+01 2.2015e+01 1.0000e+00 -
~2.2995e+01 2.2995e+01 1.0000e+00 -
-2.4001e+01 2.4001e+01 1.0000e+00 -
~2.9927e-01+ 2.4438e+01i 2.4440e+01 1.2245e-02 -
-2.9927e-01- 2.4438e+01i 2.4440e+01 1.2245e-02 -
-2.9460e+01 2.9460e+01 B 1.0000e+00 -
-2.8137e+00+ 4.2076e+011i 4.2170e+01 6.6724e-02 -
-2.8137e+00- 4.2076e+011 4.2170e+01 6.6724e-02 -
9.4830e-01+ 4.3830e+01i 4.3840e+01 -2.1631e-02 -
9.4830e~01- 4.3830e+01i 4.3840e+01 ~2.1631e-02 -
9.796%e+00+ 4.4541e+01i 4.5606e+01 -2.1482e-01 -
9.7969e+00- 4.4541e+011i 4.5606e+01 -2.1482e-01 -
-4.9144e+00+ 4.5883e+01i 4.6145e+01 1.0650e-01 -
-4.9144e+00- 4.5883e+011 4.6145e+01 1.0650e-01 -
5.3740e+01 5.3740e+01 -1.0000e+00 -
-7.1092e-01+ 5.6392e+011 5.6396e+01 1.2606e-02 -
-7.1092e-01- 5.6392e+01i 5.6396e+01 1.2606e-02 -
-5.7376e+01 5.7376e+01 1.0000e+00 -
-3.5922e+00+ 6.1227e+01i 6.1332e+01 5.856%e-02 -
~-3.5922e+00- 6.1227e+011 6.1332e+01 5.8569e-02 -
-8.2971e-01+ 6.2326e+011i 6.2331e+01 1.3311e-02 -
-8.2971e-01- 6.2326e+011 6.2331le+01 1.3311e-02 -
-6.8153e-01+ 6.308le+01i 6.3085e+01 1.0803e-02 -
-6.8153e-01- 6.308le+01i 6.3085e+01 1.0803e-02 -
-8.8967e+00+ 7.3147e+01i 7.3686e+01 1.2074e-01 -
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Table 9. Continued

-8.8967e+00- 7.3147e+01i 7.3686e+01 1.2074e-01
1.4421e+02 1.4421e+02 -1.0000e+00
-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01
-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01
-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01
-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01
-1.4849e+02+ 1.484%e+02i 2.1000e+02 7.0710e-01
-1.4849e+02- 1.4849e+02i 2.1000e+02 7.0710e-01
-1.5556e+02+ 1.5556e+021 2.2000e+02 7.0710e-01
_1.5556e+02- 1.5556e+02i 2.2000e+02 7.0710e-01
-1.6263e+02+ 1.6263e+02i 2.3000e+02 7.0710e-01
-1.6263e+02-~ 1.6263e+021 2.3000e+02 7.0710e-01
-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01
~1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01
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Table 10. Zeros Of Appendix C Model For 3,460 in Vertical Acceleration To Elevator Channel

Gain = -4.7630e+04 ft/s*2/rad

Root Location (1/s) Freq. (rad/s) Dampiggﬁ(-) Description
0 0 1.0000e+00 -
2.9119e-02 2.9119e-02 -1.0000e+00 -
-6.3989e-01 6.3989e-01 1.0000e+00 -
7.8598e-01 7.8598e-01 -1.0000e+00 -
-1.1694e+00 ] 1.1694e+00 1.0000e+00 -
-1.366%e+00 1.3669e+00 1.0000e+00 -
-4.3328e+00 4.3328e+00 1.0000e+00 -
-2.5960e-01+ 4.9448e+001 4.9516e+00 5.2427e-02 -
-2.5960e-01- 4.9448e+00i | 4.9516e+00 5.2427e-02 -
-8.3225e+00+ 8.9255e-021i 8.3230e+00 9.9994e-01 -
-8.3225e+00~ 8.9255e-02i 8.3230e+00 9.93894e-01 -
-1.0314e+01 1.0314e+01 1.0000e+00 -
-1.1198e+01 1.1198e+01 1.0000e+00 -
-3.5672e-01+ 1.1791e+01i 1.1796e+01 3.0240e-02 -
-3.5672e-01- 1.1791e+01i 1.1796e+01 3.0240e-02 -
-1.2942e+01 1.2942e+01 1.0000e+00 -
-1.1789e+00+ 1.5827e+01i 1.5871e+01 7.4282e-02 —
-1.1789e+00- 1.5827e+01i 1.5871e+01 7.4282e-02 -
~1.7752e-01+ 1.7268e+011i 1.7268e+01 1.0280e-02 -
-1.7752e-01- 1.7268e+01i 1.7268e+01 1.0280e-02 -
-1.8048e+01 1.8048e+01 1.0000e+00 -
-1.9024e+01 1.9024e+01 1.0000e+00 -
-4.1523e-01+ 1.9484e+011 1.9489e+01 2.1306e-02 -
~4.1523e-01- 1.9484e+01i 1.9489%e+01 2.1306e-02 -
~-1.9948e+01 1.9948e+01 1.0000e+0Q0 —
~2.1381e-01+ 2.0099%e+011i 2.0100e+01 1.0637e-02 -
-2.1381e-01- 2.0099%e+011i 2.0100e+01 1.0637e-02 -
~-2.1068e+01 2.1068e+01 1.0000e+00 -
~2.1947e+01 2.1947e+01 1.0000e+00 -
~-2.3022e+01 2.3022e+01 1.0000e+00 -
~-2.3997e+01 2.3997e+01 1.0000e+00 -
-3.0124e-01+ 2.4214e+01i 2.4216e+01 1.2440e-02 -
-3.0124e-01- 2.4214e+011i 2.4216e+01 1.2440e-02 -
-3.5416e-01+ 2.4936e+01i 2.4938e+01 1.4201e-02 -
-3.5416e-01- 2.4936e+01i 2.4938e+01 1.4201e-02 -
-3.4326e+01 3.4326e+01 1.0000e+00 -
-1.9588e-01+ 3.6283e+01i 3.6283e+01 5.3988e-03 -
-1.9588e-01- 3.6283e+01i 3.6283e+01 5.3988e-03 -
~1.0383e+00+ 4.4917e+01i 4.4929e+01 2.3111e-02 -
-1.0383e+00- 4.4917e+013i 4.4929e+01 2.3111e-02 -
-5.4531e+00+ 4.8488e+011i 4.8794e+01 1.1176e-01 -
-5.4531e+00- 4.8488e+01i 4.8794e+01 1.1176e-01 -
5.7963e+00+ 4.8633e+01i 4.8978e+01 ~1.1835e-01 -
5.7963e+00- 4.8633e+011 4.8978e+01 -1.1835e-01 -
-4.6655e+01+ 2.6440e+01i 5.3627e+01 8.7001le-01 -
-4.6655e+01- 2.6440e+011 5.3627e+01 8.7001e-01 -
-5.8572e-01+ 5.5390e+011 5.5393e+01 1.0574e-02 -
-5.8572e-01- 5.5390e+01i 5.5393e+01 1.0574e-02 -
-7.9841e-01+ 5.8967e+01i 5.8973e+01 1.353%e-02 -
-7.9841e-01- 5.8967e+01i 5.8973e+01 1.3539e-02 -
-3.4317e+00+ 6.1268e+011 6.1364e+01 5.5924e-02 -
-3.4317e+00~ 6.1268e+011 6.1364e+01 5.5924e-02 -
-8.3454e-01+ 6.2375e+011 6.238le+01 1.3378e-02 -
-8.3454e-01- 6.2375e+011 6.2381e+01 1.3378e-02 -
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Table 10. Continued
-6.581%9e-01+ 6.4598e+01i 6.4601e+01 1.0188e-02
-6.5819e-01- 6.4598e+01i 6.4601e+01 1.0188e-02
-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01
-1.3435%e+02- 1.3435e+02i 1.9000e+02 7.0710e-01
-1.4142e+02+ 1.4142e+021 2.0000e+02 7.0710e-01
-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01
-1.4849%e+02+ 1.4849%e+021 2.1000e+02 7.0710e-01
-1.4849e+02- 1.4849e+02i 2.1000e+02 7.0710e-01
~1.5556e+02+ 1.5556e+021 2.2000e+02 7.0710e-01
—-1.5556e+02~ 1.5556e+021 2.2000e+02 7.0710e-01
-1.6263e+02+ 1.6263e+021 2.3000e+02 7.0710e-01
-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01
-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01
-1.6970e+02- 1.6970e+02i 2.4000e+02 7.0710e-01
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Table 11. Zeros Of Appendix C Model For 400 in Vertical Acceleration To Vane Channel

Gain = -1.1449e+08 ft/s*2/rad

Root Location (1/s) Freq. (rad/s) Damping (-) Description
0 0 1.0000e+00 ~
3.0288e-02 3.0288e-02 -1.0000e+00 -
~-6.5797e-01 6.5797e-01 1.0000e+00 -
-3.5405e-01+ 8.4868e-01i 9.1957e-01 3.8501e-01 -
-3.5405e-01- 8.4868e-01i 9.1957e-01 3.8501e-01 ~
-1.3617e+00 1.3617e+00 1.0000e+00 -
~1.8699e-01+ 3.7613e+00i 3.7660e+00 4.9652e-02 -
-1.8699e-01- 3.7613e+00i 3.7660e+00 4.9652e-02 -
-4.2833e+00 4.2833e+00 1.0000e+00 -
-8.2366e+00 8.2366e+00 1.0000e+00 -
-9.0232e+00 9.0232e+00 1.0000e+00 -
-9.5754e+00 9.5754e+00 1.0000e+00 ~
-1.1242e+01 1.1242e+01 1.0000e+00 -
-6.8811e-01+ 1.1874e+01i 1.1894e+01 5.7853e-02 -
-6.881le-01- 1.1874e+01i 1.189%94e+01 5.7853e-02 -
~1.3531e+01 1.3531e+01 1.0000e+00 -
-1.1220e+00+ 1.6234e+011i 1.6273e+01 6.8946e-02 -
~-1.1220e+00- 1.6234e+011i 1.6273e+01 6.8946e-02 -
~1.8133e-01+ 1.7270e+011 1.7271e+01 1.0500e-02 -
-1.8133e-01- 1.7270e+01i 1.7271e+01 1.0500e-02 -
-1.888%e+01 1.8889%e+01 1.0000e+00 -
~1.9084e+01 1.9084e+01 1.0000e+00 -
-4.7644e-01+ 1.9255e+011 1.9261e+01 2.4736e-02 -
-4.7644e-01- 1.9255e+01i 1.9261e+01 2.4736e-02 -
~1.9882e-01+ 1.9819e+011i 1.9820e+01 1.0031e-02 -
-1.9882e-01- 1.9819%e+01i 1.9820e+01 1.0031e-02 -
-1.9966e+01 1.9966e+01 1.0000e+00 -
-2.1029%e+01 2.1029e+01 1.0000e+00 -
~-2.1982e+01 2.1982e+01 1.0000e+00 -
-2.3007e+01 2.3007e+01 1.0000e+00 -
-3.2989e-01+ 2.3711e+011 2.3713e+01 1.3912e-02 -
-3.2989%e-01- 2.3711e+01i 2.3713e+01 1.3912e-02 -
-2.4000e+01 2.4000e+01 1.0000e+00 -
-1.8381e+00+ 2.9033e+01i 2.9091e+01 6.3183e-02 -
~1.8381e+00- 2.9033e+01i 2.9091e+01 6.3183e-02 -
-2.931%e+01 2.9319e+01 1.0000e+00 -
-5.2559e-01+ 3.4214e+01i 3.4218e+01 1.5477e-02 -
=5.295%e-01- 3.4214e+01i 3.4218e+01 1.5477e-02 -
~9.1753e-01+ 4.2387e+011 4.2397e+01 2.1641e-02 -
-9.1753e-01- 4.2387e+01i 4.2397e+01 2.1641e-02 -
-6.5603e-01+ 4.6162e+011 4.6166e+01 1.4210e-02 -
-6.5603e-01- 4.6162e+01i 4.6166e+01 1.4210e-02 -
-9.0926e-01+ 5.3517e+011i 5.3524e+01 1.6988e-02 -
-9.0926e-01- 5.3517e+011i 5.3524e+01 1.6988e-02 -
-7.4626e-01+ 5.6027e+011 5.6032e+01 1.3318e-02 -
-7.4626e-01- 5.6027e+011i 5.6032e+01 1.3318e-02 -
-8.7183e-01+ 6.0194e+011i 6.0201e+01 1.4482e-02 -
-8.7183e-01- 6.0194e+01i 6.0201e+01 1.4482e-02 -
-3.2372e+00+ 6.1411e+011 6.1497e+01 5.2640e-02 —
-3.2372e+00- 6.1411e+01i 6.1497e+01 5.2640e-02 -
-8.3211e-01+ 6.2361le+011 6.2367e+01 1.3342e-02 -
~-8.3211le-01- 6.2361le+01i 6.2367e+01 1.3342e-02 -
-7.4028e-01+ 6.4952e+011 6.4956e+01 1.1397e-02 -
-7.4028e-01- 6.4952e+01i 6.4956e+01 1.1397e-02 -

49




Table 11. Continued
-1.3435e+02+ 1.3435e+021 1.9000e+02 7.0710e-01
-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01
-1.4142e+02+ 1.4142e+02i 2.0000e+02 7.0710e-01
-1.4142e+02- 1.4142e+02i 2.0000e+02 7.0710e-01
-1.484%e+02+ 1.4849%e+021 2.1000e+02 7.0710e-01
-1.4849%e+02- 1.4B49%e+02i 2.1000e+02 7.0710e-01
-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01
-1.5556e+02- 1.5556e+021 2.2000e+02 7.0710e-01
-1.6263e+02+ 1.6263e+021 2.3000e+02 7.0710e-01
-1.6263e+02- 1.6263e+021 2.3000e+02 7.0710e-01
-1.6970e+02+ 1.6970e+02i 2.4000e+02 7.0710e-01
-1.6970e+02- 1.6970e+021 2.4000e+02 7.0710e-01
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in Vertical Acceleration To Vane Channel

Table 12. Zeros Of Appendix C Model For 1,850
Gain = 4.138le+06 ft/s*2/rad
Root Location (1/s) Freg. (rad/s) Danping (-) Description
0 0 1.0000e+00 -
3.0796e-02 3.0796e-02 -1.0000e+00 -
-6.4906e-01 6.4906e-01 1.0000e+00 -
-1.3655e+00 1.3655e+00 1.0000e+00 -
-4.6747e-01+ 1.5489e+001 1.6179e+00 2.8894e-01 -
-4.6747e-01- 1.5489e+001 1.617%9e+00 2.8894e-01 -
-4.3712e+00+ 1.1292e+00i 4.5147e+00 9.6822e-01 -
-4.3712e+00- 1.1292e+00i 4.5147e+00 9.6822e-01 -
5.707%e+00 5.7079e+00 -1.0000e+00 ~
-8.7026e+00 8.7026e+00 1.0000e+00 -
-9.5564e+00+ B8.1969e-01i 9.5915e+00 9.9634e-01 -
-9.5564e+00- 8.1969e-01i 9.5915e+00 9.9634e-01 -
-1.1263e+01 1.1263e+01 1.0000e+00 -
-8.0603e-01+ 1.1445e+01i 1.1473e+01 7.0253e-02 -
-8.0603e-01- 1.1445e+01i 1.1473e+01 7.0253e-02 -
-1.3651e+01 1.3651e+01 1.0000e+00 -
-1.2638e+00+ 1.6703e+011i 1.6751e+01 7.5444e-02 -
-1.2638e+00- 1.6703e+01i 1.6751e+01 7.5444e-02 -
-1.8474e-01+ 1.7266e+011i 1.7267e+01 1.069%e-02 -
-1.8474e-01- 1.7266e+011i 1.7267e+01 1.0699e-02 -
-1.8733e+01 1.8733e+01 1.0000e+00 -
-1.9001e+01 1.9001e+01 1.0000e+00 -
-3.0507e-01+ 1.9575e+011i 1.9577e+01 1.5583e-02 -
-3.0507e-01- 1.9575e+01i 1.9577e+01 1.5583e-02 —
-1.9995e+01 1.9985e+01 1.0000e+00 -
-2.100%e+01 2.1009e+01 1.0000e+00 -
-3.5986e-01+ 2.1410e+01i 2.1413e+01 1.6806e-02 -
-3.5986e-01- 2.1410e+01i 2.1413e+01 1.6806e-02 -
-2.1991e+01 2.1991e+01 1.0000e+00 -
-2.3006e+01 2.3006e+01 1.0000e+00 -
-2.3999%e+01 2.3999%e+01 1.0000e+00 -
-4.1818e-01+ 2.5738e+01i 2.5741e+01 1.6246e-02 -
-4.1818e-01- 2.5738e+01i 2.5741e+01 1.6246e-02 -
-2.9350e+01 2.9350e+01 1.0000e+00 -
-1.8446e+00+ 2.9947e+01i 3.0003e+01 6.1478e-02 -
-1.8446e+00- 2.9947e+01i 3.0003e+01 6.1478e-02 -
~9.1895e-01+ 4.2422e+011 4.2432e+01 2.1657e-02 -
=-9.1895e-01- 4.2422e+01i 4.2432e+01 2.1657e-02 ~
~-9.3715e-01+ 4.7993e+01i 4.8002e+01 1.9523e-02 -
-9.3715e-01- 4.7993e+011i 4.8002e+01 1.9523e-02 -
-1.6170e+01+ 5.1722e+014i 5.4191e+01 2.9839e-01 -
-1.6170e+01- 5.1722e+01i 5.4191e+01 2.9839e-01 -
1.5907e+01+ 5.2752e+01i 5.5098e+01 -2.8871e-01 -
1.5907e+01- 5.2752e+01i 5.5098e+01 -2.8871e-01 -
~9.8295e-01+ 5.5499e+01i 5.5507e+01 1.7708e-02 -
-9.8295e-01- 5.5499e+01i 5.5507e+01 1.7708e-02 -
-7.8327e-01+ 5.7572e+011 5.7577e+01 1.3604e-02 -
~7.8327e-01- 5.7572e+01i 5.7577e+01 1.3604e-02 -
-3.3305e+00+ 6.1438e+01i 6.1528e+01 5.4129e-02 -
-3.3305e+00~- 6.1438e+01i 6.1528e+01 5.4129%e-02 -
-8.0793e-01+ 6.2360e+011i 6.2365e+01 1.2955e-02 -
-8.0793e-01- 6.2360e+011 6.2365e+01 1.2955e-02 -
-5.4590e-01+ 6.7212e+01i 6.7214e+01 8.1218e-03 -
-5.4590e-01- 6.7212e+011 6.7214e+01 8.1218e-03 -
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Table 12. Continued
-1.3435e+02+ 1.3435e+021 1.9000e+02 7.0710e-01
~1.3435e+02- 1.3435e+021 1.9000e+02 7.0710e-01
-1.4142e+02+ 1.4142e+021 2.0000e+02 7.0710e-01
-1.4142e+02~- 1.4142e+02i 2.0000e+02 7.0710e-01
~1.484%e+02+ 1.484%e+02i 2.1000e+02 7.0710e-01
~1.4849%9e+02- 1.4849%e+02i 2.1000e+02 7.0710e-01
-1.5556e+02+ 1.5556e+021 2.2000e+02 7.0710e-01
-1.5556e+02- 1.5556e+021 2.2000e+02 7.0710e-01
~1.6263e+02+ 1.6263e+021 2.3000e+02 7.0710e-01
~1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01
-1.6970e+02+ 1.6970e+021 2.4000e+02 7.0710e-01
-1.6970e+02- 1.6970e+021 2.4000e+02 7.0710e-01
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Table 13. Zeros Of Appendix C Model For 3,460 in Vertical Acceleration To Vane Channel

Gain = -7.7040e+06 ft/s*2/rad

Root Location (1/s) Freg. (rad/s) Damping (-) Description
0 0 1.0000e+00 -
3.144%e-02 3.1449e-02 -1.0000e+00 -
-6.3766e-01 6.3766e-01 1.0000e+00 -
1.0518e+00 1.0518e+00 ~-1.0000e+00 ~
-1.3765e+00+ 7.236le-02i1 1.3784e+00 ~ 9.9862e-01 - -
-1.3765e+00- 7.2361e-021 1.3784e+00 9.9862e-01 -
-3.7560e+00 3.7560e+00 1.0000e+00 -
5.8962e+00 5.8962e+00 -1.0000e+00 -
-6.1385e+00 6.1385e+00 1.0000e+00 -
-8.3526e+00 8.3526e+00 1.0000e+00 -
-9.6928e+00+ 1.6130e+00i 9.8261e+00 9.8643e-01 -
-9.6928e+00~ 1.6130e+00i 9.8261e+00 9.8643e-01 -
-1.1071e+01 1.1071e+01 1.0000e+00 -
~-1.3098e+01 1.3098e+01 1.0000e+00 -
-1.2120e+00+ 1.4118e+01i 1.4170e+01 8.5535e-02 -
-1.2120e+00- 1.4118e+01i 1.4170e+01 8.5535e-02 -
-1.6628e+01 1.6628e+01 1.0000e+00 -
-1.7340e-01+ 1.7262e+011i 1.7263e+01 1.0045e-02 -
-1.7340e-01- 1.7262e+01i 1.7263e+01 1.0045e-02 -
-7.5721e-01+ 1.8654e+011 1.8669e+01 4.0560e-02 -
-7.5721e-01- 1.8654e+01i 1.8669e+01 4.0560e-02 -
-1.8999e+01 1.8999e+01 1.0000e+00 -
-2.1367e-01+ 1.9685e+01i 1.9686e+01 1.0854e-02 -
~2.1367e~01- 1.9685e+011 1.9686e+01 1.0854e-02 -
-2.0002e+01 2.0002e+01 1.0000e+00 -
-2.0998e+01 2.0998e+01 1.0000e+00 -
-2.2000e+01 2.2000e+01 1.0000e+00 -
-2.3002e+01 2.3002e+01 1.0000e+00 -
-2.4000e+01 2.4000e+01 1.0000e+00 -
-3.6037e-01+ 2.447%e+011 2.448le+01 1.4720e-02 -
-3.6037e-01- 2.447%e+01i 2.4481le+01 1.4720e-02 -
-1.0870e+01+ 2.4768e+01i 2.7048e+01 4.0187e-01 -
-1.0870e+01- 2.4768e+011 2.7048e+01 4.0187e-01 -
1.092%e+01+ 2.5099e+011 2.7375e+01 -3.9925e-01 -
1.0929%e+01- 2.50989e+01li 2.7375e+01 -3.9925e-01 -
-2.9881e+01 2.9881le+01 1.0000e+00 -
-2.0788e+00+ 3.1234e+01i 3.1303e+01 6.6409e-02 -
-2.0788e+00- 3.1234e+01i 3.1303e+01 6.6409e-02 -
-9.1714e-01+ 4.1970e+011 4.1980e+01 2.1847e-02 -
-9.1714e-01- 4.1970e+01i 4.1980e+01 2.1847e-02 -
-9.1751e-01+ 5.116%e+011 5.1177e+01 1.79528e-02 -
-9.1751e-01- 5.1169e+01i 5.1177e+01 1.7928e-02 -
~7.2%960e-01+ 5.6666e+011 5.6671e+01 1.2874e-02 -
-7.2960e-01~ 5.6666e+011 5.6671e+01 1.2874e-02 -
-9.2873e+00+ 5.6050e+013 5.6814e+01 1.6347e-01 -
-9.2873e+00- 5.6050e+01i 5.6814e+01 1.6347e-01 -
8.9230e+00+ 5.6264e+011 5.6967e+01 ~1.5663e-01 -
8.9230e+00- 5.6264e+011i 5.6967e+01 -1.5663e-01 -
-3.2882e+00+ 6.1217e+01i 6.1305e+01 5.3637e-02 -
-3.2882e+00- 6.1217e+011 6.1305e+01 5.3637e-02 -
-7.8271le-01+ 6.2420e+01i 6.2425e+01 1.2538e-02 -
-7.8271e-01- 6.2420e+01i 6.2425e+01 1.2538e-02 -
-1.6643e-01+ 6.8400e+01i 6.8401e+01 2.4332e-03 -
-1.6643e-01- 6.8400e+011 6.8401e+01 2.4332e-03 -
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Table 13. Continued
-1.3435e+02+ 1.3435e+02i 1.9000e+02 7.0710e-01
-1.3435e+02- 1.3435e+02i 1.9000e+02 7.0710e-01
-1.4142e+02+ 1.4142e+021 2.0000e+02 7.0710e-01
~1.4142e+02- 1.4142e+021 2.0000e+02 7.0710e-01
-1.4849%9e+02+ 1.4849%e+02i 2.1000e+02 7.0710e-01
-1.4849e+02~ 1.484%e+021 2.1000e+02 7.0710e-01
-1.5556e+02+ 1.5556e+02i 2.2000e+02 7.0710e-01
-1.5556e+02- 1.5556e+021i 2.2000e+02 - 7.0710e-01
~1.6263e+02+ 1.6263e+021 2.3000e+02 7.0710e-01
-1.6263e+02- 1.6263e+02i 2.3000e+02 7.0710e-01
~-1.6970e+02+ 1.6970e+021 2.4000e+02 7.0710e-01
-1.6970e+02- 1.6970e+021 2.4000e+02 7.0710e-01

54




Ph. (deg)

Mag. (rad/s/rad db)
)
o (@) o

)
o

-500

-1000

-1500

2aal I Ay paxaal X s 1 1 ax 1l 1 b kL 2 111 ]

1072

107 10° 10' 102 10°
Freq. (rad/s)

Figure 16. Frequency Response Of Appendix C Model
For 400 in Pitch Rate To Elevator Channel
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Figure 17. Frequency Response Of Appendix C Model
For 1,850 in Pitch Rate To Elevator Channel
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For 3,460 in Pitch Rate To Elevator Channel
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Figure 19. Frequency Response Of Appendix C Model
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Figure 20. Frequency Response Of Appendix C Model
For 1,850 in Pitch Rate To Vane Channel
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Figure 21. Frequency Response Of Appendix C Model
For 3,460 in Pitch Rate To Vane Channel
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For 400 in Vertical Acceleration To Elevator Channel

61



(deg)

.-1000

Ph

-2000
10

1 aaal 4

p 1 oaaal L o 2 aaaal

10° 10' 102 10°
Freq. (rad/s)

10"

Figure 23. Frequency Response Of Appendix C Model
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Figure 24. Frequency Response Of Appendix C Model
For 3,460 in Vertical Acceleration To Elevator Channel
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C. Forward Vane Development

Due to the predicted infeasibility of aft tail only inner loop FCS architectures, alternate
means to elicit the necessary control forces to damp structural vibrations and augment pitch
motions were considered. Based on the demonstrated potential of other similar vehicles, attention
has focused on utilization of small forward vanes as alternate/additional control surfaces. The
current HSCT configuration does not have an ability to generate control loads near the forward
fuselage. Therefore, inclusion of hypothetical forward lifting surfaces, and their effects upon the
existing vehicle math model characteristics, to fulfill such a role has been undertaken. To avoid
burdens associated with high-fidelity modeling techniques utilized by the nonlinear simulation tool
and ISAC, and to allow a relatively quick investigation to probe the benefits and/or deficiencies of
the candidate vane surfaces, a "first cut” modeling procedure is utilized and discussed next.

Figs. 29-30 indicate the vane geometry and its appearance on the HSCT configuration.
The vane planform is a scaled version of the horizontal tail shape. Exposed surface area is Sy =
177.5 ft2, which is 2.5% of the wing reference area and 25.26% of the horizontal tail exposed
area. Mean aerodynamic chord and span, based on exposed area, are &y = 12.94 ft and by =
15.58 ft, respectively, giving an aspect ratio of Ay = 1.367. Leading and trailing edge sweep
angles are ALEV =54.23 deg and ATEV = -25.55 deg. The quarter chord point, along the mean
aerodynamic chord, is mounted to the fuselage at station 400 in, just aft of the crew station. Other
geometric data is indicated in Fig. 29.

The original Cycle 1/ISAC model from Appendix D in Ref. 13 serves as the backbone, to
which vane effects are added by a first order, component build-up procedure making use of
empirical lifting surface predictions and structural vibration characteristics. Ref. 17 provides the
basic foundation for such a procedure. The vane is taken to be a rigid massless surface, and any
effects on the structural model, in terms of vehicle mass and rotational inertias and modal vibration
characteristics, are neglected. Further, the vane panel is assumed to be very thin with symmétric
upper and lower surface profiles. The vane will be an all flying surface with rotation about the

mean aerodynamic quarter chord point. Only vane lift is accounted for, vane pitch moment
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Sy =177.50 ft> (based on exposed area)
Cy=12.941t (based on exposed area)
by=15.58ft (based on exposed area)
Ay =1.367

Apg, =54.23 deg

ATEV =—25.55 deg

Ys

310.08 in

361.191in

400.00 in

439.82 in

489.34 in

534.02 in

{14172 in

Fuselage gap not to scale.
Based on fuselage width at 400 in.

Figure 29. Vane Geometry
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about the rotation line is taken as zero and drag forces are neglected. Interference effects from the
vane on downstream components are also ignored. The vane normal load is allowed to excite
rigid-body and structural degrees of freedom, but not the unsteady aerodynamic states. New
control derivatives arising from the vane, as well as vane contributions to the existing vehicle
stability derivatives, are considered in the modeling procedure (i.e., modifications to the original
state space A and B matrices in Eq. (2.1) are considered).

The vane modeling procedure is summarized in Fig. 31. Generation of vane angle of attack
(at,) originates from several sources: rigid-body plunge rate (w/V), rigid-body pitch rate
(xyq/V), structural pitch (¢i'ni), structural plunge rate (¢;1;/V), and control deflection (dv).
The parameters X,, ¢; and ¢; denote the body x axis vane location, the it mode shape, and the ith
mode slope. The local angle of attack results in the vane lift force (LV), which is approximated as
a pure body axis vertical force. The lift force is estimated from a common quasi-static empirical

formula?! for the vane lift curve slope coefficient, or
V=gSvcy cy =y av
v 27EAV

oy = @2.11)
o 2 2
2+[ B (1+ tan Al/zc) 412

v
B=(1-M2)2 = Iy
2n
X q ol
Oy = Vl,r 5= ¢1n1 Tl

In Eq. (2.11), q denotes dynamic pressure, M denotes Mach number, CL denotes the vane
surface lift curve slope coefficient, and cV denotes the vane section lift curve slope coefficient
(taken as 2w here). Finally, as indicated in Fig. 31, the vane lift force effect is inserted into the
governing rigid and structural equations of motion, in particular the w, q, and 1; Kinetic equations.
Analytically, the affected equations of motion are
W=..+Z w+qu+ZZnnl+ZZn N; +25 Sy + ...

g=..+M,w+Mq+ lZani + ; My M+ M Sy + . (2.12)
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T'h-: +F1WW+F]qq+§FannJ +§FannJ + 15V8V+

Parameters of interest in Eq. (2.12) are the rigid and aeroelastic stability and control derivatives Zj,
M,, Fik withk = w, g, N, M dy. Other terms appear in these equations of motion but are not
explicitly shown. Only stability derivatives explicitly appearing in Eq. (2.12) are modified to
account for effects from the vane (i.e., existing baseline values appearing in Appendix D in Ref. 13
are adjusted leading to the values listed in Appendix C). The vane control derivatives appearing in
Eq. (2.12) are new terms. In addition to these equations, the vane actuator equations, similar to
that shown in Eq. (2.6), are appended to the vehicle math model.

The dimensional derivatives in Eq. (2.12) are deﬁnedv as

Z,= mq—\i Cz, M, = Iqs\ﬁT Cwm,, Fj = ”?.%CT

f%SVCTCZq MQ‘E?—SEV';C F Zfﬁ’r Ci
Zni=gﬁgczni Mﬂi:?—f;CMﬂi Fiﬂj =%§,écinj (2.13)
Zﬂf%clm Mp; = 2?SCVT Cm M, FnJ ZqufT cnj
Zs, = _qﬁS Czs,, Ms,, = quyc CMsy Figy = _q”&S_.c isy,

In these definitions, m and Iyy denote the vehicle mass and pitch moment of inertia, m; denotes the
structural vibration modal masses, S denotes the vehicle reference area, and ¢ denotes the
vehicle reference chord. Further, Czk, CMk’ Cik withk =w, q, nj» N i Oy represent the stability

and control derivatives in coefficient or nondimensional form, or
0C, BCM oC;

a(w/VT) My = 3wiVg) Civ = 3wy
c, aC, cy ACy c 3C;
24~ 3@q2Vp) Mg~ 9@q/2V) iq a(cq/sz)
acZ _3Cy K
Cz, = Oy = clnj = (2.14)
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aC, 3Cy aC;

24, = 3En72VD CMn, = 37297 Cin; = 3@n72vD
o o _%Cu aC;
Zsy ~ 00y Mgy, ~ 9by lav 3‘8_

Changes in dynamic pressure with respect to vertical speed variations are deemed small and
neglected in Eq. (2.13) for this flight condition.

Using a component build-up procedure, the vehicle aerodynamic body z axis force (Fz)
and pitch moment (M), and the generalized force for each structural mode (F;), have contributions

from the body (B), wing (W), horizontal tail (H), and vane (V), or
F,=FB+F) +FEl+F)
M=MB+ MW +MH+ MV (2.15)
F=FB+EV+Fl+F’

Dividing through by the vehicle reference area and reference chord in Eq. (2.15) yields

SB B, Sw W, Su -, Sv
Cz—gc SCZ SCZ+§CZ
Sg¢ chw Syc Sy¢
Cu=2 2R+ 3 M+5 ¢ Ch+ g7 O™ (2.16)

SgCB B gw"fw W, SHaH H, Syey v
C—gcC 3 G S G SCC

where the notation is clear from previous definitions. Finally, the nondimensional derivatives in

component form are

C SB cB SW cY 4 SH CH SV CV

=3 “4ts ‘ats 3
SpCe ~B Sw cw w SH CH Sv Sv
Cum ?T Chy + ¢ M+ 3 2 Chy + g FCy, (217
SB CB ~B . SWEW ~W SH H ~H , SV CV v
Ch=3 T h* T ¢ Sk T3 T Okt S E Cik

where k =w, q, ;s u i &y. The terms associated with the vane in Eq. (2.17) represent the new
contributions which are added to the baseline values (i.e., the body, wing, and horizontal tail

terms).

Starting with the vane model in Eq. (2.11), the vane aerodynamic coefficients are
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¢,TI LuR

CZ_’"CL ( T ¢1n1 +8V)
cY= 1% ch(VlT —om; - % +8y) (2.18)

V= L (v—-iv—q—cbmx q"1,1i+5v)

Taking the appropriate partial derivatives indicated in Eq. (2.14) yields the nondimensional

derivatives
v ¢ v
cz, =-Cf Cy,, = 7 cL c&:ﬁcLa
V — V vV o_ & v N Xvdi ~v
cy =22 ¢y City =2 7ox 1, Cr=-232cY,
V oo eV Vo o__4 X Voo %oy
Cz, =4 CL, Cmp =-4 7, CL, Clnj =%z, CL, @19
O ~v N Xvi v v ¢l¢J
cyYy =24¢ Cy. =-23YfC cY =-2 cY
i C La Mn‘ CVC La l-nJ VC L
oy =—_cV oV Xvev cv =&CV
ZSV Ly M5V Ty Ly ISV vV Ly

In summary, after inserting numerical values into Eq. (2.19) for the vane component
nondimensional derivatives, back substitution is utilized with Egs. (2.17), (2.13), and (2.12) to
fold the vane characteristics into the overall vehicle dynamic stability and control characteristics.

To assess the impact from the control vanes, Fig. 32 lists the percent change in the
modified elements of the state space A matrix. Recall that some matrix elements are not pure'
aerodynamic stability derivatives, as one might conclude from Eq. (2.12), but rather are a
combination of stability derivatives, speed terms from Coriolis accelerations, and structural
compliance terms. Note some of the percent change values are extremely large due to a near zero
original value. Fig. 33 lists similar information for the elements of the state space B matrix (which
are all pure aerodynamic control derivatives). Since the vane control derivatives are new terms,
percentage values can not be computed. Thus, elevator terms are shown for comparison.

To understand and "validate" the model adjustments from the vane, consider several of the

terms in Fig. 32, along with the geometry indicated in Fig. 31 and the characteristic deflection
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shapes in Fig. 28. First consider Z,, and My,. With a pdsitive perturbation in w, the vane force is
directed up, and the resulting change in Z,, is negative (-1%), while that for M, is positive (+2%)
since the vane is forward of the mass center. Next consider the terms U+Z, and My where U is
defined in Appendix C. A positive perturbation in q leads to a down vane load. Consequently,
U+Z, experiences a positive change (+1%) and Mg a negative one (-168%, down load at the nose).
Note M, experiences the largest change among these four terms. This large increase is traced to the
M, dependence on the square of the lever arm ( x¢ in Eq. (2.19) ), while the other terms are only
proportional to xy or 1. As an additional observation, the original relaxed stability mode (from
Tab. 15 in Ref. 13) is located at +0.134 1/s in the complex plane, while the corresponding value
from Tab. 1 in this report is +0.178 1/s. The destabilizing effect of the vane is thus apparent.

Now consider several stability derivatives associated with rigid-elastic coupling through
aerodynamic means. Assuming a positive perturbation in 13 (structural nose up pitch, see Fig.
28), the vane load will be directed up, leading to a negative change in Z'ﬂ3 (-6%). On the other
hand, for a positive perturbation in 75 (structural up plunge), the vane load is pointed down
and My 3 experiences a negative change (-21%). For a positive perturbation in w, the vane load is
up and this deflects the 31d mode shape in a positive sense (see Fig. 28), thus F3w undergoes a
positive change (+4%). Finally, a positive perturbation in q yields a downward vane load inducing
a negative change in F3q (-143%). This last effect is relatively large since F3q is proportional to
the long moment arm and large modal deflection near the vehicle nose (xy and ¢3, see Eq. (2.19) ).

As for control derivatives, consider the data in Fig. 33. Positive vane deflection leads to an
up load and nega'ttive st and positive M5V since the vane is forward of the mass center. Up load
also deflects the 3t mode shape in the positive direction leading to positive F3 5y ° Data in Fig. 33
indicates vane plunge authority is of the same order of magnitude as that for elevator. Even though
the vane is a much smaller surface relative to the horizontal tail, this observation can be traced to
the vane being an all flying surface, while the elevator is only about 1/3 of the horizontal tail chord.
Pitch authority is also roughly equivalent for the two inputs. Again, even though the vane surface

area is much smaller, the lever arm for the vane is significantly larger when compared to the aft tail.

76



SUOIEOLIPOJ] 2ALRALIS( AN[IQEIS JO Arewuing “7¢ o3
0 0 1= T 1= T (4 0 9 T~ - z- T T 1 1= €T~ 0~ o0- ST T~ [ z- €~ [ T= T 6 9 1= 1= I~ S 9 L= L
0 1] 0~ 1 0- [ £ 0 T 1= 1= 1= V] 4] 0 0- £- 0= [ )] 9- [ T~ T- 0o~ - € 4 T 0- o- 0- T £ £ 1
Zz- 0~ 0 [ )] T~ o= 0- - Z € 86E Z- £v- 8- £6 [ 0 0 o- o 0- 4] 14 V] 1 T- L= - T T T 1- T4 EW -
T 0 D~ 1] 0~ T [ o 2z [+2d &- TT- T € 1 4 v- 8- | Ad [+d 0 0~ 1] v- £~ z- - 1] 8 TZ £~ €= £~ 8 £ 6~ 144
T1- 0~ o 0- ] 0- 0- 0~ 0- [ o 1 0- 0- T- 0 £ 14 0 0- 1 0- 0 T 0 0 0- T- z- V] T T o~ <= T | A
T 4] T- [4 0~ 0 T 0 1 L - TZ~ 9% € t €= 8¢~ Z- 0- 9 1 0 0- T 0- - 0 L L oT- ¢~ V- [ € v- 1
T S 0- < 0~ T [} T 4 T - 91- E 4 9 - 9T~ p- 0- 0 T T 1~ - 1= &5~ 02 L [44 8- 8- 11~ € (A4 6 €
0 4] 0- 0 o- V] 1] 0 1] 0~ 0- o~ 0 (4] o 0- - T~ 0- 4] 0- [} Q- 9- [+ 0- 0 T T T- 0~ 0- T 8 - 0
6 T €= LI - £1 Z 0 0 1- 01- B81- 8 [ R4 9~ e~ L- 0- 0 v- z £ z~ £ ¥Z- 2z [44 T8 0E~ SEE~ 60— § 06 L2~ 91
¥Z- TT- 0T [5d 0 1- - - b 0 L vZ 6~ - 8- 8 LT 14 v £- T [+t ] 0 0 T 0~ PeIT- b- 5 12 v (-3 0S- 8T B85~
9Z- 9- 9 BS- € 18- G€~ T1- 8T-" v 0 L 9~ L- B~ £ 69 9 v T1- 1 - 991 oL T L L2~ ¥- vZ- 6 0s 0T T£- fE- 6T 9T~
v- 1~ ST SE- 1 62~ L~ 1- ST- ¥ 9 ] - p- [ A 1T €9 < 1 T1- €T 1- v S 6 €L L= 91~ 6~ 1 4 19 S ST- 61 €T SE-
T 0 T- v 0- 1t < 0 £ S- b~ - 0 4 £ €- cz- 0~ 0- 1 1- 0 b~ 1- 0o~ £ T 4 o1 0- T~ T~ Z 1T 6- s
T 0 - € T- 8 14 0 Z 1- 6€- ZTZz- § 0 8¢ [ A Zz- 0- 0~ t T- 0 - FA 0- - 1 [ 41 T 1- 0- T~ € 6ZT 18- ¥
Z 0 1~ E 1~ 6 1 4 0 4 1- sg2- 0Z- § 11 0 v- 1Z- o©0- 0- 0T - [} z- z- 0~ Z- T LT (33 1- 1- 1- € €T 13 ACN 4
A 1- T S- T L9~ 2- 0~ z- (4 144 6 bz~ §- 9~ o LS 1 0 I- 6 0~ S (4 0 4 - 8~ 9Lz~ ¢ < 4 £- ST- ve o1~
8- S~ T 0Z- 1 9- 9- - £Z2~ 09 6 Z1 ZS- L1~ 6T~ TT T L T E- 1T - £ L T LY £~ T¥- BT~ OT Z9 w 6- L8~ 41 TE-
9 0 S- v 1- € P1Z o0 T 0- 6E- WLT- LE 09 LETT 9V~ 6EZ- T- 0- T L- (4 01- g- 1~ 1- 1] 29 682 €1I- I~ T1Z- v ve 891~ 2
(4 0- 4 - 0 - £- 0- 0- 0 (4 Z pe- £~ 9- 4 S 0 0 [15d € o- 9z T (12 0 0- 11~ 02- ¢ k4 14 - 81~ 1 i-
LI 91 ST #1 €1 T 11 0l 6 8 L 9 S ¢ ¢E T 1 LT 91 ST 1 €1 21 11 Ol 6 § L 9 ¢ ¥ € T 1 b m
T T
o SJUSWIS[Y XL V
(001 X I Vi !
Plof . _maup Jo a3uey)) 1u0019g

Nt no oS00 INER

2 o

77



n;

Figure 33. Summary Of Control Derivative Modifications
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Actual Values
Units: ft , s, rad

Op dy
-2.1582e+00 -2.4285e+00
-7.0595e-02 9.6527e-02
-4.0604e+03 -3.7183e+03

2.5850e+03 -1.9350e+03
-2.0286e+03 1.4492e+03
-6.8974e+02 4.6036e+02
-3.4643e+02 3.5372e+02
1.8715e+03 -1.9682e+03
-1.9086e+02 -1.5374e+03
~1.0736e+04 -8.2493e+02
-1.8711e+03 1.8122e+03
-3.1457e+02 5.4043e+01
-1.0017e+03 9.159%e+02
1.8563e+03 4.1833e+02
1.7076e+03 -1.0465e+02
-5.9616e+02 5.1265e+02
1.5631e-01 -1.8079e+02
-9.1487e+01 2.1740e+02
-7.2696e+01 3.7251e+02
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These results "validate” the math model adjustments made :to account for the vane, in the
sense that each term has undergone a numerical change which possesses the correct sign, the
correct magnitude, and can be tied back to the "physics”. However, the fidelity of the vane model
is only as good as the underlying theory, which is to first order here. Therefore, the Appendix C
model characteristics will be utilized to explore new inner loop FCS architectures and control

benefits offered by the vanes with these comments in mind.
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Section III
Assessment of Wykes Mode Suppression Logic

A. Review of and Comment on Original Wykes Logic

Upon reflection of the demonstrated achievements of John Wykes/North American
Rockwell in connection with structural mode suppression logic for the XB-70 vehicle, 1415 efforfs
were put forth in this contract to re-examine these control strategies in the context of HSCT.
Significant mode suppression accomplishments, including flight test validation of control law
performance, were achieved in the XB-70 program. In particular, SMCS architectures, based on
aft control incorporating two sensors, one collocated with the aerodynamic surface input, were
highly successful. In light of these observations, and considering the potential impact on
configuration selection and program decision making (i.e., aft tail only or aft tail supplemented
with forward vanes), it was felt prudent to investigate and apply the Wykes control logic to HSCT.

In Refs. 14-15, aft control consisted of symmetric elevon deflections in the absence of a
conventional tail. It is important to note the XB-70 canard was not utilized in the SMCS
architectures. Other XB-70 features to keep in mind are 1) at low speeds the airframe is statically
stable, 2) the rigid-body/aeroelastic modal frequency separation is approximately 10 rad/s, and 3)
four structural modes exist in the frequency region below 30 rad/s. In comparison, HSCT is a
considerably more modally dense and flexible vehicle (eight modes below 30 rad/s and rigid-elastic
frequency separation of 6.5 rad/s). Further, the HSCT airframe has relaxed stability at low
speeds. In its era, the XB-70 presented a difficult flight dynamics/structural vibration control
problem, however, the HSCT configuration presents a significantly more difficult control
challenge.

The Wykes SAS/SMCS XB-70 control logic, as it would be directly applied to the HSCT
in its original form, is illustrated in Fig. 34. The pitch SAS loop utilizes proportional-integral (PI)

compensation in the feedback path with the forward path block consisting of static compensation.
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This loop is closed on the forward sensor signal (1,850 in). The SMCS loop incorporates pure
gain in a feedback block which is excited by a forward sensor/tail sensor difference signal. The tail
sensor is collocated with the control input and would correspond to the elevator hinge line (3,460

in) in the HSCT application. With the forward and tail rate gyro signals expressed as
d1350=9~ L ¢(1850) 1, 3.1
93460=9 -~ ; ¢(3460) 1;
the differenced SMCS feedback signal qg is
9a= 2. {$,(3460) - ¢;(1850)} 7 (3.2)

In essence, this feedback signal is devoid of rigid-body content and represents the difference

between the structural pitch rates at the tail and forward sensor locations.

5 93460
E r-’
-
41850
SAS Loop I\___ I
+
SMCS Loop |—
! a

Figure 34. Original Wykes SMCS Architecture

To demonstrate why the Wykes SMCS logic is effective, to determine the conditions under
which the logic can be expected to succeed, and to identify when the logic may fail, consider the
polynomial matrix representation of the vehicle dynamics in Eq. (3.3), assuming two aeroelastic
modes are present, the forward speed degree of freedom is negligible, and there are no actuator

dynamics.
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s-Zw-(U+Zq)s -Z,:lls-Zn1 'Zﬁzs'zﬂz _W(S)_ rZSEW
2 . . EV
‘MW S -MqS -MnlS-Mnl —ans-an q(S) _ MSE 6 (S)
- 2 - 2 . _ “IE E
F F F,. s-F 24(2C, 0, F s RS
Bl B "By s-Fop, S0y By JsHe R ) 1F |
i | 1(3.3)
P(s) Q(s)

The q4/8g transfer function can be derived from Eq. (3.3) using linear algebra concepts, or

s  Pag® (07(3460) — 9, (1850)}ny; (5) + {6,(3460) - 4(1850)}n,(5)
8g(s)  d(s) a0

(3.4)
d(s) = det P(s) nﬁi(s) = s det P, 5(s)IQ(s)

In Eq. (3.4), P;,,(s)IQ(s) denotes the matrix P(s) with the i+2 column replaced with Q(s). This
transfer function represents the set of dynamics around which the SMCS logic is closed.
In the special case with no aerodynamic coupling (Fiw = Fiq =0, Zni = Z‘ﬁi =0, M11i =

Mﬁi =0, Fi'fl- = Fi'r']- = 0 for j # i), numerator and denominator polynomials are listed in Eq. (3.5).
J J

d(s) = s{s%+ (- Zy, - Mg)s + Z, Mg — My (U + Z)}

x{ s2+(2§1m1-F,ﬁ 1)s+(m12-Fln D) {sz+(2C20)2-F2T-12)s+(m§-F2n2)} (3.5)
n;, () =Fy 5E52{52+ (- Zy - Mg)s + Zy Mg~ My (U + Z)} {52+(2C2(02-F2ﬁ2)s+(0)%-F2n2)}
n;, () = F25E52{52+ (- Zyy - M)s + Zy, Mg - My (U + Z } (s>+(2G 00, Fy . 1)s+(oo12-1=ln D)

In this case, the q4/8 transfer function describes pure aerodynamically damped/stiffened

vibrational motion, or
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qa(s) _ s{s™+ (- Zy, - Mps + Z,, Mg -My(U +Z))
BE() {524 (-2, - Mps + Z,, Mg - M, (U +Z))

[61(3460) - 6,(1850)) Fy (5420 Ty Yo+ F, )

+ {65(3460) — by(1 850)}1=28E{s2+(2cloal-Fl,~1 l)s+(co12-F1n )]

(3.6)

g {52+(2§]0)1-F1ﬁ1)s+((x)f—Fln D) {52+(2§2032-F2ﬁ2)s+(m%-F2n2)}
- With the short period poles exactly canceled by an identical factor in the numerator, the transfer
function consists of two complex conjugate zeros and one zero at the origin, divided by the 18t and
2nd aeroelastic modes.

The sensor location and generalized force characteristics inherent to the Wykes SMCS
feedback signal q4 in Eq. (3.2) strongly influences the location of the complex conjugate zeros in
Eq. (3.6). Root locus concepts can be utilized to assess and understand this relationship. From

Eq. (3.6), the complex conjugate zeros are governed by the equation

{61(3460) - ¢, (1850)}F, o (5 @00y Fyy 5@ By, )

1+ (3.7)

(65(3460) — 0,(1850) IFyg (572 0, F JsH@bE ) B
With Eq. (3.7), these zeros can be thought of as originating from the 1t aeroelastic mode root
locations and transitioning towards the 20d aeroelastic mode root locations as the parameter
{$1'(3460)-¢,'(1850)}F, 85/ { ¢2'(346O)—¢2'(1850)}F28E is increased. An illustration of this root
migration is given in Fig. 35. If the 18t and 20d aeroelastic modes are lightly damped, and the
varying parameter is positive, utilization of basic root locus sketching rules indicate a departure
angle (for the +j root) of approximately +90 deg. The migration paths are nearly vertical straight
paths. '

With these results, the effectiveness of the Wykes SMCS logic becomes clear. Consider
closing the SMCS loop indicated in Fig. 34 around the qq/0g transfer in Eq. (3.6). Augmentation
of the structural modes is shown in Fig. 36. Damping of both aeroelastic modes is increased as the

15t mode roots migrate towards the zero at the origin, and the 20d mode roots migrate towards the
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b L 1L

complex conjugate zeros. The effectiveness of this loop is due to the interlaced pole-zero pattern

along the imaginary axis, which leads to +180 deg departure angles from the open-loop root

locations. This basic effect was discovered and exploited over 30 years ago.

x - Origin Point
o - Terminal Point
* _ Root Location

— 52+(2§23)2-F2ﬁ2)s+(m%-F2n2)

S2H(-Zy MS+Zy MM (U+Z)

Figure 35. Airframe ng d(s) Root Migration Paths
Without Aerodynamic Coupling — Eq. (3.7)

The key to the pole-zero interlacing pattern in Fig. 36 is the collocated sensor-surface pair

and associated likelihood the parameter {¢,'(3460)-¢,'(1850)}F; 5E/ {$,'(3460)-¢,'(1850) }F, 55

will be of positive sign. It is also important to note the numerator structure in Eq. (3.6) results

from signal differencing as shown in Fig. 34. Referring back to the structure in Egs. (2.13)-

(2.19) for aeroelastic control derivatives, Fjg and F28 are given by
E E

§§H¢1(3460)CEBE
Fig, = -

c’1§H<1>2(3.460)(:*L*5E
Fs_ = -
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X - Origin Point

o - Terminal Point
* - Root Location

52+(2§2032-F2ﬁ2)s+(a)22-F2n2)

Zeros From Fig. 35
— s2+(2§1m1-F1m)s+(wi7‘-Fln )
1

s2+(-ZW-Mq)s+ZWMq—MW(U+Zq)

Figure 36. Closed - Loop d(s) + knq d(s) Root Migration Paths
Without Aerodynamic Coupling — Fig. 34

Eq. (3.7) thus becomes

$;(3460)
{¢1(3460) 4)1(1850)} {s +(2C20)2-F2 )s+(co2-F2 )}

1+ =0 3.9

¢2(346O
{6,(3460) — (1850} ———— s +(2C1col-F1 )s+(col-F1 D)

Assuming the mode slopes at 1,850 in are small, the parameter is composed of the paired products
¢i’¢i at the same fuselage station. At forward and aft regions along the vehicle centerline, the
modal slope and deflection values are of the same sign leading to a positive parameter value. At
other locations this may not be the case, but is of little hindrance since SMCS surfaces will be
located forward or aft to maximize control leverage on the modes. Recalling the HSCT modal
deflection data in Fig. 28, ¢i’ (3460) and ¢;(3460) are of the same sign for the eight modes
displayed. This slope-deflection parameter mismatch issue can be avoided if acceleration-based
feedback signals are utilized (i.e., ¢;0). In this case, however, rigid-body content in the feedback

signal can not be fully eliminated by the differencing scheme in Fig. 34.
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If the mode slope values in Eq. (3.9) at 3,460 in dominate the values at 1,850 in, the root
locus parameter will be positive. One path to this result is to locate the second feedback sensor
near the mid fuselage stations where slopes are minimal, such as at the anti-node of the 1st
aeroelastic mode (1,850 in). However, for a vehicle with many significant modes, this sensor will
pick-up the structural rotations of the higher frequency modes. The consequences are the pole-zero
interlaced pattern along the imaginary axis will be perturbed, destroying the effectiveness of the
Wykes SMCS logic in augmenting aeroelastic mode dampings. In this case, aeroelastic mode
zeros can be out of sequence along the imaginary axis, they can be significantly offset from the
vertical structure, and they can even present nonminimum phase characteristics. Based on these
observations, one conclusion drawn is the Wykes SMCS logic, as implemented in Fig. 34, may
not be effective in augmenting all aeroelastic modes, and in fact may destabilize some of the
modes, when applied to a vehicle characterized as modally dense.

As a footnote, one means to avoid the parameter structure {;'(tail)-¢;'(fore) }¢;(tail) in Eq.
(3.9) is simply to implement a SMCS loop without differencing two signals. In other words, use a
collocated sensor and surface, dropping the second sensor. This strategy has been utilized in the
control architectures presented in Section IV, and is very effective. The feedback signal will
inherently have rigid-body content and can be used to an advantage in some cases, such as
simultaneous stabilization of rigid-body pitch instabilities, for example.

The above development has all been under the assumption of no aerodynamic coupling.
Strong aerodynamic coupling effects are another mechanism which can dilute the attractiveness of
the Wykes SMCS logic. To demonstrate these effects, retum to the vehicle model in Eq. (3.3).
For ease of demonstration, consider a case with, not full, but limited aerodynamic coupling where
qu is the main, but not only, parameter of interest. Assuming aeroelastic-to-rigid coupling is
present (Zni , Zﬁi , MTli , Mﬁi # 0), partial rigid to elastic coupling is present (Fiw = qu =0, qu

# 0), and no elastic to elastic coupling (Fin = Fiﬁ_ =0 for j # 1), the numerator and denominator

J J
polynomials in Eq. (3.4) are
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d(s) = ${s™ (- Zy, - M)s + Zy, Mg =M (U +Z,)) | (3.10)
><{s2+(2clcol-}:l1.1 1)s+(c012-F1n D) {sz+(2C2c02-F2ﬁ 2)s+(co§-1=2n )

| Mn, Ty )
“Fy s(My (5~ Z,)(s + '1\4_,-{) My Z; s+ —.1-) Hs +(2C2a)2-F2ﬁ2)s+(a)2-F2n2)}

n; () =F; 8E32{32+ (- Zyw - Mg)s + Zyy Mg — My (U + Z)}{s2+20 y00- Zr-lz)s+(m§-F2n2)}

2 2 2
+ qus [{ MSE(s -Z,)+ MwZBE} {s +(2§2032-F2ﬁ2)s+(0)2—F2n2)}
M Z
n2 M2
—Fpg (Mp (s =Zy)(s + =) + MyZyy (s + 5—)}]
dg' M2 M;, M2 Zy,
n;, () = F26E82{82+ (- Zy - Mg)s + Z,, Mg - My(U + Z)} {52+(2§1(o1~F11-1 1)s+(0)12-F1n D)
Fy 2y (Ms (5-Zy(s + o M,Zs (56 01
-8 [FZSE{ M,6=Zw)(s + M—ﬁl) +MyZ; (s + Z—f]l)}]
In this quasi-general case, the dynamics are considerably more complicated.
Root locus concepts can again be utilized to assess and understand aerodynamic coupling
effects on the transfer function factors. For example, to investigate the effect of aerodynamic
coupling upon the vehicle poles, consider d(s) in Eq. (3.10). Fundamentally, the question here is

"How does the 2nd term containing qu affect the roots of the 1st term ?" A subset of the roots of

the second term alone are given by

et
S ——
Zy, Zq,
1+MWM- M =0 3.11D)
Ny n1
(-Zy)(s+——
M.
M

and Fig. 37 shows an example migration with variations in M,,. With qu as the main

aerodynamic coupling parameter of interest, a subset of the vehicle poles are thus governed by
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x - Origin Point
o - Terminal Point
* _ Root Location

S+— St
Figure 37. Intermediate Root Migration Paths
With Aerodynamic Coupling - Eq. (3.11)
M Z,
n 1
Mfll(S - Zw)(S + l\—dn_) + MWZ‘I:]I(S + '——)
1-F s . =0 (3.12)

I (24 (- Zuy - Mg)s + Zyy Mg - My(U + Z9} s+ (2100, - Fy )s + (- Fy, )}

and Fig. 38 shows an example migration with variations in qu. Observations from Fig. 38 and
Egs. (3.11)-(3.12) are the short period poles lose damping due to the presence of coupling,
specifically along the pathq — qu -1 - Mnl —q (quMnl), and for the same reason the st
aeroelastic poles gain damping. Of more importance here is the effect on the interlaced pole-zero
pattern. The root locations displayed in Fig. 38 will become new originating points for the root
migration paths displayed in Fig. 36. Near imaginary axis migration contours can be highly
sensitive to the originating points, and may be altered in an unfavorable manner. These alterations
may significantly influence how individual modes are augmented.

This type of analysis can be conducted for the numerators as well. Observe the second
term involving qu appearing in Ny 2(s) in Eq. (3.10). This term has identical factors as those

found in the expression for d(s). Therefore, Eq. (3.11) and Fig. 37 are also applicable for
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determining the intermediate roots of this 2nd term as M, is adjusted. When the 1st and 2nd terms
of ny 2(5) are combined, Eq. (3.12) also becomes applicable for assessing how the roots of ny 2(s)
are affected by the aerodynamic coupling term qu. These effects are shown in Fig. 39. Finally,
the root locations displayed in Fig. 39 will become new originating points for the root migration
paths displayed in Fig. 35. Undesirable impacts upon the interlaced pole-zero pattern are again
possible. This example has concentrated on a single aerodynamic coupling term F g Many other
coupling terms are present in the full vehicle dynamic model. These aerodynamic coupling terms,
and the physical mechanisms they represent, provide abundant means to alter and distort the
interlaced pole-zero pattern of the simplified case. When the SMCS loop is closed on such a
transfer function, there may be several aeroelastic modes which are destabilized. Therefore, a
second conclusion drawn is the Wykes SMCS logic illustrated in Fig. 34 may not be effective

when applied to a vehicle exhibiting strong aerodynamic coupling effects.

Zeros From Fig. 37

s2+(2C2m2-F21-12)s+(a)22-F2n2) \

x
52+(2§1(o1-F1ﬁ1)s+(co12-F1n1) \ B—

s2+(-Zw-Mq)s+Zqu—Mw(U+Zq) —_— W,.-——

---------------------------------- ER R R R I R I

X - Origin Point
0 - Terminal Point

X * - Root Location

Figure 38. Airframe d(s) Root Migration Paths
With Aerodynamic Coupling - Eq. (3.12)
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Zeros From Fig. 37

2 2
s +(2C1m1-F11-1 1)s+((:o1 -Fln 1) \

s2+(-Zw-Mq)s+ZwMq—MW(U+Zq) — x/*_/-
................................. JEooveereeserersrseieseeneenennees

x - Origin Point
o - Terminal Point
* _ Root Location

Figure 39. Airframe ny, 2(s) Root Migration Paths
With Aerodynamic Coupling — Eq. (3.12)

Other sources of potential breakdown in the Wykes aeroelastic damping behavior of Fig.
36, which are absent from the example dynamics in Eq. (3.3), include actuator dynamics and
unsteady aerodynamics. These dynamics appear as additional poles and zeros along the real axis in
Fig. 36. Although no direct impact occurs on the imaginary axis interlacing pattern, these
additional modes can profoundly influence the departure angles near this axis. If the actuation
hardware is of poor quality, or the transient airflow behavior is significant, feedback destabilization

effects can result from these sources.
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B. Wykes Logic Recast in Multi-Sensor/Single-Surface Framework

Ref. 13 examined in detail the feasibility of an aft tail only inner loop FCS architecture for
HSCT. Results strongly indicated this architecture lacked ability to meet requirements associated
with simultaneous augmentation of pitch motions and suppression of aeroelastic vibrations.
Further, this architecture did not provide sufficient control of crew station motions. Fig. 40
indicates the MS/SS a:chitectures. that were considered in Ref. 13. In these studies, the forward
path compensator block consisted of PI logic acting on a blended pitch rate signal. This PI
compensation exudes an effective means for stabilizing the relaxed stability mode and providing a
conventional, well-damped pitch mode. In addition, this compensation leads to a pitch rate
command response type system. The feedback blocks serve as blending filters to exploit the
desirable characteristics of the low frequency forward sensor signal (1,850 in) and the higher
frequency characteristics of the aft sensor signal (2,500 in, fore and aft refer to location relative to
the mass center at 2,152 in). Therefore, low-pass/band-pass and lag-lead/lead-lag filters were
considered for these blocks, as indicated in Fig. 40. The forward and aft sensor locations were
judiciously chosen to eliminate, or minimize, certain undesirable aeroelastic contamination effects
in the feedback signal. Closed-loop results for these systems can be found in Ref. 13.

The Wykes SAS/SMCS XB-70 control logic, in the original form as displayed in Fig. 34,
can be reformulated in terms of an equivalent MS/SS architecture, similar to that of Fig. 40. Block
diagram manipulations can be used to convert the system in Fig. 34 to the MS/SS structure in Fig.
40. Here, algebraic manipulation of the feedback law will be utilized to generate the same result.
In reference to Fig. 34, denote the feedforward, SAS, and SMCS compensation blocks as

Kg(s) =kpgp , kgp>0
Ksas(s) =kgas (S_+§SLS) ; ksas<0 (3.13)
Ksmcs(®) = ksmes ; ksmcs >0

The control law used to drive elevator deflection is
O(s) = Kpp(){qc(s) —~ Ksas(5)a1850(8) ~ Kgmes($)[a1850(5) - Q3460(8)1} (3.14)
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MS/SS Architecture With Low Pass & Band Pass Blending

5 92500
q + E —
] >

91850

jey = [ DA
I~

MS/SS Architecture With Lag-Lead & Lead-Lag Blending

42500
o
qQ. ¢t E

- . —P
q1850

SAS & SMCS

Loop N

dp +
7

Figure 40. MS/SS Architectures Previously Analyzed

Factoring out the PI compensation term Kgag(s) for the forward path yields

_ 1 '
dg(s) = Kpr(s)Ksas(8){ Rsast) qc(s) 3.15
—q1850(8) — LK omes®[a1850(8) — q3460()1)

Ksas(s)

Eq. (3.15) has a direct one to one correlation with the MS/SS architecture. Let g be the new

command signal, K(s) the forward path compensator, and H;(s) and H,(s) the blending filters, or
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99 = oy 9elS)

(S+Zgacg) (s+2)
K(s) = Kpp(s)Ksas(s) = kppkgas ——5 oA = k ~—
ksmcs
(S + ZSAS/{ 1+——})
Hy(9) = 1+ —L— Kgpyes(s) = (14+-SMCS, Ksas ~_p, +2)
Ksas(s) ksas (s +zg49) (s+p1)
Ksmcs s s
Hy(s) =— K (s) =- =h
2 Ksas(s)  SMCS ksas (s+25a5) 2 (s+py)

(3.16)

where p; = p, = z. The final architecture is indicated in Fig. 41 where explicit actuator dynamics

A(s) are re-introduced.

Hi(s) I‘
+
q

Figure 41. Wykes SMCS Logic Recast In MS/SS Framework

This control logic is efficiently parameterized by three variables: the PI zero location (which

also corresponds to the blending filter poles) zg AS = Z = P} = Py, the forward path gain kppkgag =

k, and the key ratio between the strengths of the SMCS and SAS loops ksycs/ksag. For

specified values of z and k, a family of blending functions is parameterized over the range -1 <

ksmcs/ksas < 0. Fig. 42 illustrates this parameterization. For ksmcs’ksas = 0, H(s) becomes

all pass, Hy(s) becomes no pass and only SAS functions are extracted from the control

architecture. With kgyos/ksas = -1, H(s) is low pass, H;(s) is high pass and both SAS and

SMCS functions of equal strength are implemented. At intermediate values of ksmcs/ksas, the

SAS function is not fully attenuated at high frequency (lag-lead) and the SMCS function operates at

reduced levels of strength or intensity (high pass with dc levels below 0 db).
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P1=P2 H; (ksmcs’ksas==1) Freq.

H; (ksmcsksas=0)

e\ e 2 Ksmedksas =—0.5)
Zl\ H; (ksmcs’ksas =—0-3)
H; (ksmcsksas=0)

d d d “1 H; (ksmcsksas=-1)

Figure 42. Parameterization Of The Blending Family

The Wykes SMCS logic thus equates to lag-lead and high pass blending of the two
feedback signals when formulated in the MS/SS architecture. This type of blending strategy was
not discussed in Ref. 13. Further, utilization of the tail sensor signal was not reported on in Ref.
13. The reasoning for this will become clear in Section ITI-C. Attention will now be focused on

applying this reformulated Wykes SMCS logic to the HSCT vehicle.
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C.  Wykes Logic Applied to HSCT

In this subsection, the reformulated Wykes controller is applied to the HSCT vehicle.
Therefore, reconsider the MS/SS architecture depicted in Fig. 41, and the dynamic blocks given by
Eq. (3.16). The methodology behind the reformulated Wykes SAS/SMCS control law is to blend
the beneficial characteristics of the forward and tail sensor signals, and avoid any undesirable
features that may be inherent within these signals, specifically utilizing lag-lead and high pass
filtering. With the filter structures specified a priori, the only remaining task is to determine
acceptable values for the break points and gains in K(s), Hy(s), and Hy(s). However, to better
understand the inherent characteristics within the forward and tail feedback signals which are to be
blended, initial consideration will focus on each feedback signal separately.

By taking h; = 1, z; = p;, and h, = 0 in Eq. (3.16), the MS/SS system becomes a SS/SS
system with qyg5p as the feedback signal. The Evans plot for such a system is shown in Fig. 43
with z=2 1/s. Observe how the unstable real axis pole is driven into 1/7gy , which resides slightly
in the left-half plane, and how the mid period mode moves out to become the dominant pitch mode
with potential for high levels of damping. By utilizing the sensor at the anti-node of mode 1, the
18! aeroelastic poles are accompanied with nearby zeros, effectively canceling this mode in the
signal as it travels around the loop, regardless of the loop gain. At the higher frequency aeroelastic
modes, the 1,850 in location is not conducive to a good feedback signal. Note the 1,850 in rate
gyro leads to "out of phase" pick-up of the 20d, 31d, and 6th modes. As the loop gain is increased,
these modes lose damping and foretell hard instabilities. These characteristics noted in Fig. 43
correlate with the mode slopes in Fig. 28.

The closed-loop poles in Fig. 43 are highlighted for a compensator gain value of k = 4.52
rad/rad/s. Fig. 44 shows the corresponding Bode plot for this gain. The real axis instability is just
stabilized, as indicated by the dc gain of 0 db in Fig. 44 and the closed-loop pole at the origin in
Fig. 43. The rigid-body gain crossover point (see Fig. 44) is not sufficient to meet pitch damping,
frequency, and phase margin requirements. Also note from the Bode the aeroelastic peak

occurring at 20 rad/s, which corresponds to mode 6. This peak just touches the 0 db level with a
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corresponding phase value near -180 deg. At this loop gain value, the 6th mode has violated the 8
db/60 deg stability margin requirements, and is on the verge of instability (see mode 6 on the j®
axis in Fig. 43). The unacceptable trades noted here between low frequency flying qualities and

aeroelastic stability margins were also observed in Ref. 13.
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Figure 43. Evans Plot For 1,850 in Pitch Rate To Elevator
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Now consider only the tail signal q34¢ by taking hy = 1, p, = 0, and h; =0in Eq. (3.16).
The Evans plot for this signal, again with z = 2 1/s, is shown in Fig. 45. Due to the collocated rate
gyro and surface, each aeroelastic mode up to mode 9 is now accompanied by an associated pair of
zeros forming an approximate interlaced pattern. These modes are stabilized and their dampings
are favorably augmented, or are unaffected, as the loop gain is increased. Note the 15t aeroelastic
dipole structure has opened up considerably allowing the potential for increased damping.
However, due to aerodynamic coupling, modes 10-11 are destabilized (examination of the modal
data indicates ¢;¢;" are of the same sign for modes 10-11). At lower frequencies, the unstable real
axis pole again moves into 1/tg; , and the mid period mode moves out to become the dominant
pitch mode. However, with the tail sensor, the mid period mode does not wrap around the
compensator zero (-2 1/s in Fig. 45) towards the real axis, but moves instead towards a pair of
complex conjugate zeros located near the imaginary axis. Note the limited amount of damping that
can be added to the mid period mode due to the loci initially moving out radially from the origin.

The closed-loop poles in Fig. 45 are highlighted for a value of compensator gain k = -4.27
rad/rad/s. Fig. 46 shows the corresponding Bode plot for this gain. The real axis instability is
again just stabilized (dc gain of 0 db in Fig. 46 and closed-loop pole at the origin in Fig. 45).
Rigid-body gain crossover must be increased to meet pitch damping, frequency, and phase margin
requirements. From the Bode, the 15t aeroelastic peak occurring at 7.7 rad/s is well above the 0 db
level, but an ample phase buffer from -180 deg is present at this frequency. Here, modes 1-9 are-
phase stable (i.e., the loop transfer pierces the unit circle, but away from -180 deg). This feature
corresponds to the -180 deg departure angles seen in the Evans plot. In contrast, with k = -4.27
rad/rad/s, the 10t and 11th aeroelastic modes are just destabilized. The peaks just touch the 0 db

level with a corresponding phase value near -180 deg.
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Tradeoff relationships between forward and tail sensor utilization are quite clear. With the
forward sensor, desirable low frequency characteristics below 5 rad/s include relaxed stability
stabilization and pitch damping augmentation, while above this frequency undesirable aeroelastic
contro] effects result (mode 1 is invariant and modes 2, 3 and 6 are destabilized). An opposite
trend occurs with the tail sensor. Below 5 rad/s, limited pitch damping augmentation is present,
while above this frequency aeroelastic modes are augmented with higher damping and are phase
stabilized, until 45 rad/s is reached (modes 10-1 1). Therefore, in the HSCT application, below 5
rad/s the 1,850 in sensor signal will be weighted higher, and above 5 rad/s the 3,460 in sensor
signal will be weighted more heavily.

First consider the case where the level of SMCS strength is 25% of that for SAS
(ksmcs’ksas = -0.25,z =2 1/s). Fig. 47 shows the blending iogic as a function of frequency

where H;(s) and Hy(s) are
2.67
H,(s) = 0.75 %7)-2 Ha9) =025 35 (3.17)

The Wykes control logic, in terms of the Evans behavior, is shown in Fig. 48. Results are
consistent with the control design strategy, but several undesirable characteristics are noted. For
frequencies below 5 rad/s, the closed-loop dynamics correlate with the forward SS/SS features in
Fig. 43. A conventional, well damped rigid pitch mode is present. However, with a SMCS-to-
SAS ratio of only 1-to-4, augmentation of the aeroelastic modes appears similar to Fig. 43 and is
unlike that in Fig. 45. Aeroelastic modes 2 and 11 show hard instabilities. The only exception
here is mode 1 which shows high potential for increased damping. Unfortunately, this high
damping can not be realized because the blending strategy has pushed the mode 1 zeros into the
right-half plane, reducing the usable loop gain. To show this, consider the Bode response in Fig.
49 for a gain of k = -4.52 rad/rad/s, which just stabilizes the relaxed stability mode. Nonminimum
phase zeros result in a 180 deg phase loss when contrasted with Fig. 46, where the phase "hangs
on" until a higher frequency value. To avoid compromise of aeroelastic stability margins, loop

gain must remain low.
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To remedy this situation, consider a case where the level of SMCS strength is 75% of that

for SAS (ksmcs’ksas =-0.75,z=2 1/s). The blending filters Hy(s) and H;(s) are

H,(s) =025 gigg Hy(s) = 0.75 75355 (3.18)

and Fig. 50 illustrates the frequency responses. The Evans behavior is shown in Fig. 51. Results
are again consistent with what is asked of the control design strategy, but several troublesome
features appear. Above 5 rad/s, the closed-loop dynamics correlate with the tail SS/SS features in
Fig. 45. Modes 1-9 are either augmented with higher damping, or are unaffected. A significant
difference from Fig. 45, however, is the nonminimum phase characteristics associated with some
of the modes, again introduced by the blending logic. Recall that aerodynamic coupling influences
the instabilities associated with modes 10-11 and is inherent in the 3,460 in feedback signal. Now,
with 2 SMCS-to-SAS ratio of 3-to-4, augmentation of the pitch mode appears similar to Fig. 45
and is unlike that in Fig. 43. The pitch mode migrates towards a pair of complex conjugate zeros
Jocated near the imaginary axis. This migration path limits the amount of I;itch damping that can be
achieved. The Bode response for a gain k = -4.52 rad/rad/s is given in Fig. 52. Nonminimum

phaseness again prevents higher loop gain values.
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The above results for the lag-lead/high pass blending strategy are flawed due to the
observed nonminimum phase behavior and is discussed next. The numerator dynamics of the
qQy/Og transfer function in Fig. 41 consist of the addition of two terms originating from the two
feedback signals. The relative strength of the two channels determines the final zeros according to

the root locus

n (s)
+02 s Tazaeo® o (3.19)
hl (S+ZI) nq1850(s)

where Nge 50(s) and Ng34¢0(8) denote vehicle numerator polynomials and hy/h; plays the role of a
parameterization variable. Blending filters introduce the factor s/(s+z1). For hy/h; =0, Eq. (3.19)
indicates the qy,/8g zeros are coincident with the q1850/0F zeros and s = -z;. For a large value of
hy/hy, the qy/8g zeros tend towards the q344/Sg zeros and s = 0. At intermediate values for hy/hy,
the zeros migrate according to the conventional rules. Fig. 53 shows this numerator root locus for
the ksmcs/ksas = -0.75 design in Fig. 51, as an example. The behavior for ksmcs’ksas = -0.25
is similar. In transitioning from the root locations of Dgq 50(s) to those of Dgay 60(s), the mode 1

zeros depart into the right-half plane leading to the nonminimum phase behavior.
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Consider the angle of departure relationship as applied to mode 1 in Eq. (3.19) and Fig.
53. Let 0, represent the phase angle of factor s+Z; contained within ng.. 50(s) where Z; represents
the aeroelastic mode 1 zero with imaginary part greater than zero. From Tab. 6,Z =-0.53 +j7.9
1/s. For a test point very near Z;, this relationship is

By = £(s) - £(s+8) + Llng,, ) - £(ng g5 ~ 2i+Dn (3.20)

In Eq. (3.20), ' (s) denotes n (s) with the factor s+Z; removed and i represents an

41850 41850
integer. With s = Z;, the s/(s+8) factor results in an additional contribution of 47 deg of phase to
the departure angle from zero Z;. Without this contribution, the initial migration would point
down towards the origin, avoiding the right-half plane and nonminimum phase behavior.

The mode 1 nonminimum phase characteristic is due to the width of the high pass filter
differentiator and final break frequency of the lag-lead filter. Insertion of the zero at the origin
"pushes' the mode 1 loci out into the right-half plane. The lag-lead/high pass blending strategy is
fundamentally flawed. Ref. 13 indicated low pass/band pass strategies exhibited similar tendencies
and showed how lag-lead/lead-lag filtering provided a more gradual transition of the rate gyro
signals. Utilization of lag-lead and lead-lag blending with the forward and tail sensors is not
considered here.

Based on the above investigations, the contractor feels the aft tail only Wykes SMCS
architecture is not feasible for the highly elastic HSCT airframe. This conclusion is based on two
main observations: 1) aerodynamic coupling terms are of such strength that fundamental
assumptions associated with the original Wykes paradigm are not valid for this airframe, and 2)
lag-lead/high pass blending results in an excessively abrupt transition from forward to tail sensors
and manifests itself in the form of nonminimum phase characteristics. A highly elastic and

unstable airframe configuration with aft tail control only places unrealistic constraints on the flight

controls discipline, and program planning should be modified accordingly.
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Section IV
Conventional Multi-Sensor/Multi-Surface Design Strategy

A. Summary of Design Strategy

The objectives of the inner loop FCS are to 1) artificial supply the stability inherently

lacking in the airframe, 2) augment the key pilot/passenger centered responses in accordance with
relevant flying quality metrics, and 3) suppress aeroelastic motions in the responses. The
feasibility of achieving these goals with SS/SS and MS/SS architectures have been thoroughly

explored in Ref. 13 and Section III of this report. The main conclusion from these investigations

is architectures based on a single loop incorporating aft tail control and utilizing one sensor, or

possibly several blended sensors, does not provide sufficient design freedom to satisfy closed-loop
requirements. Trades between pitch augmentation/low frequency flying qualities and aeroelastic
augmentation/high frequency stability margins are unacceptable. Further, aft tail control lacks
sufficient capacity to tailor motions at the crew station. For a highly flexible HSCT vehicle, the
inner loop FCS will, in all likelihood, require multiple, integrated feedback loops.
With this background, consider the MS/MS feedback architecture shown in Fig. 54. In
Fig. 54, y,(s) and y,(s) denote two rate gyro feedback signals, perhaps representing near cockpit
(v;) and near mass center (y;) pitch rate responses. The command input uzc(s) represents aft tail
control (elevator command, SEC) previously used in the design studies of Ref. 13 and Section III of
this report. The additional, new input available for control is ulc(s) and will correspond to the
forward vane commands (SVC) described in Section II-C. Note the second input allows an
additional feedback loop, as well as a crossfeed. Only one crossfeed is considered here. These
additional design freedoms are exploited as discussed next. Also in Fig. 54, P;(s) and K;;(s)
denote prefilter and compensation transfer functions, and A;(s) represents actuator dynamics. The

signal y5(s) represents additional responses of interest not directly controlled, such as normal
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acceleration or pitch rate at locations other than the cockpit or mass center (or possibly acceleration
at the cockpit and mass center).

Control design efforts consist of four steps: 1) closure of the ¥1/u, loop, 2) insertion of
the Uz -to-u;  crossfeed, 3) closure of the Y2/uy loop, and 4) insertion of the Y2, command
shaping filter. The y1/u1c loop plays the role of a SMCS loop and hence is dedicated to aeroelastic
suppression. The y2/u2c loop fulfills the role of a SAS loop and is primarily responsible for pitch
augmentation. The Uy -to-u;  crossfeed provides coordinated operation between the two feedback
loops. Finally, the Y2 prefilter provides selected frequency screening of the command signal to
improve response characteristics. Conventional frequency domain concepts are used in a
sequential process22:23 to construct these loops.

From Fig. 54, the vehicle model is

v1] |GuA1G12As [y, '
Y2 [=]G2141 GyrA, Uy (4.1)
Y3| |G31A; G3pA, (L “©

Using the structure indicated in Fig. 54, consider closing the yllulc loop first. The control law is
Ue=Knyre-yp (4.2)

and the resulting intermediate system is
yy=— Gy o GpAy
1 1+K11G11A1 le 1+K1]G11A1 2c

K11G214, + GpAx+K 161 A A,

4.3)

727 1K, GyA, 14K 1,G1A %

ya=—1183141 L G32A0+K 161 3A (A u

3 1+K1,G A 7 1 1+K ;G 1A, 2
G12=G11Gp~ G126y ; G13=G1,G33- G1,G3;

where Gi—j denotes the vehicle coupling transfer functions.3 As part of the synthesis, the loop
transfer K;;Gy;A is utilized to generate Evans and Bode traces. Selection of an angular rate
sensor mounted very close to the forward vane would tend to elicit the highly sought pole-zero
interlaced pattern of Section III for aeroelastic damping augmentation. Aerodynamic coupling

effects should be less a factor, when compared with results in Section ITI, since the vane is located
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well forward of the wing and body, thus minimizing interference effects, and the vane structure
will be relatively stiff in comparison to the wing.

Before closing the y2/u2c SAS loop, note the coupling that exists between these two
channels in Eq. (4.3) (i.e., G5 and Gp;). If this coupling is significant but ignored in the design,
the loops can not be expected to operate in a harmonious manner. To provide this synchronous

behavior with coupling present, a up ~to-uy crossfeed is considered, or

¥1c = Kefioe 4.4)
This signal path leads to a second intermediate system
GpA+K K 11614
= u 4.5
4 1+K11G11A1 2 ( )
_ GppAp+K G 0A 1A KK GoiAs
1+K ;G114 2
y _ G3pA+K ;16134 1A +K K 16314
3% 1+K1 lGl 1A 1 Y2c

Introduction of the crossfeed fundamentally alters the transfer function numerator characteristics in
Eq. (4.5). Kg(s) can be used to reduce excitation and participation of troublesome aeroelastic
modes in both the y; and y3 responses from the input up.. Sensor placement for response y, can
be relied upon to eliminate the most significant mode (mode 1) from this response, leaving the
crossfeed to address responses y; and y3. Migration paths for the numerator roots of interest in
Eq. (4.5) are based on the functions K ¢{K;;G114A }/{GA5} and K ¢{K{1G31A1}/,
{G3A2+K11G 134142}
Finally, the yp/u; loop is closed, or
uge = Koa(yze —¥2) (4.6)

With this loop closed, the augmented system is
yi= Kp2(G12Ap+K K 11G11A1)
14K 1G11A 1+K2{GpA K116y 2A1A2+chK11G21A1}
yy= K22{GppA p+K 1G19A 1A+K K 11G21A )
14K,G 1A 1#K 20 {GppA+K 116124 | A2+chK11G21A1}
Kp2{G3pAg+K 161 3A1A+K (K ,G3144)
14K 11G11A 1+K2{G A +K /G oA 1A +K K 1,G1A 1}

4.7)

Y3 = Yac
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The loop transfer K22(G22A2+K11G1_2A1A2+chK11G21A1}/(1+K11G11A1} would determine
the basic Evans and Bode characteristics during selection of gain and compensation logic for
K,,(s). Sensor placement near the anti-node of the 18t structural mode would tend to provide
acceptable transfer function dynamic features for pitch stabilization and augmentation.

If deemed necessary, the y prefilter can be considered, or
Yac = Pa¥2c (4.8)

In this case, the final augmented system is
g = P)Ko(G12A 2 +K (K11 G 1A 1) %20
14K 116 A 1+K2{GpA +K11G 1 2A 1A +K K 11G1A 1)
yp= PoKp{GpA 2K 1161 0A | Ap+K K161 A4 ) Yo
14K 1,G 1A 1+K22{GppA 2 +K 1161 5A 1A +K K 11G21A 1}
PK ) {G3pA 4K 16y 3A 1A KK}, G31A 1) o
14K 1G11A 1#K2{G A 1+K 116G 1 2A 1A+K 1K 11G21A 1)

(4.9)

¥3=

This filter can be relied on to screen specific frequency content from the command signal in order
to further reduce any residual oscillations that remain in the closed-loop system under stick
commands, or possibly to "speed-up" the response quickness by providing lead action. This filter
is not a substitute for the feedback loops, and only provides mild changes to the system
characteristics. The prefilter will do nothing to alter response characteristics originating from other
input sources such as atmospheric turbulence.

This feedback strategy corresponds to the "mechanics" illustrated in Fig. 55 and discussed
below. If the application is to the HSCT model in Appendix C, u; and up_ would correspond to
up = ‘SVc and up = SEC, and appropriate sensor locations would be y; = Q400 and y; = q1850-
Suppose the pilot commands a nose down pitch motion with command signal g5 Initial
elevator deflection will be down with rigid rotation indicated in the figure. The q1850/85c loop will
stabilize this motion and provide good handling qualities. The initial up tail force will excite the
aeroelastic dynamics and mode 1 will initially deform as shown. The SEc-to-SVC crossfeed will
lead to initial trailing edge up deflection for the vane. This coordination hinders aeroelastic

excitations from SEC inputs. Superimposed on top of this two-surface deflection strategy, the
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Q400/5VC loop acts to dampen aeroelastic motions that are inevifabiy excited, possibly from gust

disturbances. The following sections describe in detail each of the four design steps.

12 Aeroelastic
" ,%

Rigid

Figure 55. “Mechanics” Of The MS/MS Flight Control System
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B. Aeroelastic Suppression Loop

Consider the Evans plot behavior shown in Fig. 56 for the closed-loop poles
corresponding to Eq. (4.3) using static compensation (i.e., K;1(s) = ky;). Recall only the q400/0v
loop is closed here. Observe the approximate pole-zero interlaced behavior associated with this
channel. Departure angles for nearly every aeroelastic mode are near the optimum 180 deg value.
Significant potential exists to damp many of the modes. Only the highest frequency structural
mode is potentially destabilized. Also note the relaxed stability mode tends to be stabilized by this
loop, easing the required bandwidth in the pitch augmentation loop yet to be considered. After
many loop closure attempts described in Ref. 13 and Section III of this report, a channel with
significant design leverage for mode suppression has been identified.

The closed-loop poles in Fig. 56 are highlighted for a compensator gain value of ki =
2.33 rad/rad/s. Fig. 57 shows the corresponding Bode plot for this gain value. Observe how the
system phase remains above -180 deg out to a frequency near 70 rad/s providing a buffer from
possible instability due to modeling errors. For this design model, the phase buffer is not quite
sufficient, however, to exploit the full potential of this mode control loop. For the indicated gain
value, mode 9 lies just above the O db level and bumps into the 60 deg phase margin requirement
set forth in Refs. 1-2. This restricts the upper limit of usable loop gain and prevents further
augmentation of modes 1-2. Several design options incorporating dynamic compensation are
considered next to overcome this restriction.

A cautious, low-gain option is to attenuate mode 9 with a low pass filter, inserted
somewhere in the region of 10-20 rad/s. With this attenuation strategy, the loop gain can be
increased to further augment modes 1-2. Considering the high number of modes in the 10-40 rad/s
region in Fig. 56, it is highly unlikely insertion of a low pass filter can be accomplished without

impacting the phase characteristics. Selecting a break point of 20 rad/s, the low-gain option

compensator is
Kll(s)=k11(8f—%.7 (4.10)
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Figs. 58-59 show the Evans and Bode characteristics. Several modes have been destabilized
towards the imaginary axis. Phase loss from the low pass filter has eliminated the inherent system
phase buffer associated with this channel. Multiple -180 deg crossover points occur, preventing
significant loop gain increments to augment dampings. For the indicated gain value, mode 9 is
riding the 8 db stability margin requirement and the mode 1 damping value is less than that for Fig.
56 (§; = 0.098 vs. 0.142). Attempts to restore the lost buffer with additional phase lead terms in
Eq. (4.10) were not successful. For these reasons, the low-gain option does not appear to be an
attractive solution. The baseline, static compensation results are more desirable than results shown
here.

At the other extreme, an aggressive, high-gain option is to boost the inherent phase contour
in the region of 25-70 rad/s with a lead-lag filter. With this strategy, the phase buffer will be of
sufficient value to satisfy the 60 deg stability margin requirements under significant increments in
loop gain. Approximately 40 deg of additional phase is required in the 40-70 rad/s region to
achieve the objective. Break points associated with the lead and lag terms to create this phase will
extend the control bandwidth considerably. Therefore, this option is considered high risk in the
sense current actuation technology may be surpassed. This risk should not be fully equated with
susceptibility to modeling errors and resulting instability mechanisms. On the contrary, if the
actuator can not deliver the phase lead to high bandwidth, the inherent phase buffer shown in Fig.
57 resurfaces. In this scenario, phase margins would not meet requirement levels, but an inherent
lower bound of approximately 20 deg would exists in this channel. Selecting break points at 16

and 100 rad/s, the high-gain option compensator is

K“(s)=k11l106-9-(—(s%% @.11)

and Figs. 60-61 show the design characteristics. The upper limit of usable gain is much higher
when compared to the baseline, static compensation results. For a gain value double that of the

static compensation case, the closed-loop mode 1 damping value is {; = 0.323.
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A solution falling somewhere in between the previous techniques will incorporate both
attenuation and phase lead strategies. In reference to the phase lead approach discussed above, a
transition from phase lead to attenuation will be necessary due to eventual airframe-actuator phase
crossover and the presence of additional higher frequency modes not included in the design model.
With a high authority mode control loop incorporating phase stabilization techniques, the designer
must ultimately specify a boundary where modes below the boundary are phase stabilized and
above the boundary modes are gain stabilized.

Assessment of the basic magnitude and phase characteristics in Fig. 57 indicate
approximately 20 deg of phase lead is needed in the 20-30 rad/s region to meet stability margin
requirements, while approximately 40 deg of additional phase is required above this frequency
range. Therefore, an eclectic, intermediate-gain strategy is to phase stabilize modes 1-8 leaving
modes 9 and up for gain stabilization. Lead-lag behavior will be required in the 20-30 rad/s range.
In addition, attenuation of mode 9 is necessary to increase the upper region of usable loop gain.
As demonstrated previously (see Fig. 59), first order lag filters are not suitable when applied
within a modally dense frequency region. Notching will be considered for mode 9 attenuation.

Consider the intermediate-gain compensator to be

: 40 (s+15) (s2+2{0.01004} {35.65}5+35.65%)
Kqi(s) =kqq 22 .
168) =K 1175 (5+40) (s2+2{0.05}{35.65}s+35.65%) (4.12)

Evans and Bode plots corresponding to Eq. (4.12) are shown in Figs. 62-63. The notch filter
attenuates mode 9 by 12 db. The lead-lag filter adds 27 deg of phase at 26.2 rad/s, 20 deg to meet
the original phase margin requirement and 7 deg for losses due to the notch filter. The gain value
kjj = 3.00 rad/rad/s corresponds to a phase margin of 69 deg associated with mode 7. This
selected gain value is larger than the baseline value by a factor of 1.3, and further loop gain
adjustments are still available since stability margin constraints have yet to be reached. Here, the
closed-loop value for damping of mode 1 is ¢, =0.207. This level of damping is required for
substantial suppression of high frequency transient motions following vehicle excitations. This

strategy is considered, to some extent, to be of high risk in the sense notching will require a
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premium on design model accuracy, and possibly real-time mode 'frﬂequency identification when
implemented. The intensity of the notch, however, is characterized as mild, rather than aggressive,
since the filter only restores margins to acceptable levels. The filter is not heavily relied upon to
achieve basic stability, this characteristic is already inherent in the channel. If the notch frequency
were in error, the system characteristics would tend to revert back to those of Fig. 57 (minimum of
20 deg phase margin).

In summary, four solutions have been considered for the aeroelastic suppression loop: a
baseline system, a low-gain system, an intermediate-gain systém, and a high-gain system. The
low-gain system, which incorporates low pass logic, has several drawbacks including a restricted
region of usable loop gain and little augmentation of modes 1-2. Phase loss is the culprit. The
high-gain system, which incorporates a large phase lead element, also has several drawbacks
including high bandwidth and reliance on high perfonhance actuators. Only the two remaining
candidate solutions warrant further study beyond the confines of this report, one of low risk, the
other higher risk. Adoption of gain only compensation for the aeroelastic suppression loop
provides reliable mode suppression logic with low sensitivity to modeling inaccuracies. The
tradeoff is reduced performance as measured by aeroelastic mode damping ratios. Utilization of
combined lead-lag and notch compensation takes a more bold course of action to exploit the full
potential of the forward vane and associated feedback loop. Considerable leverage can be applied
to the structural modes. However, the trade here is vulnerability to design model uncertainty. As
will be shown, this latter strategy still provides good stability robustness characteristics. Thus, the
lead-lag and notch strategy will be carried into further design steps in this section.

Design of this mode suppression loop is key to the proposed inner loop architecture
described in this section. If this FCS architecture were to be adopted, or some modified version
thereof, program activities should invest considerable resources in validating the feasibility and
verifying the potential predicted for this loop, as described here in this report. Additionally, further

investigations of design issues raised in this subsection are recommended.
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C. Coordination Crossfeed

Figs. 64 and 65 show, the migration paths for the numerator roots (i.e., zeros) of the
Q400/Sg and a, 40¢/S dynamics corresponding to Eq. (4.5), as the crossfeed gain k¢ (i.e., K.¢(s)
= k) is varied. Note the q40¢/8y loop is already closed at this design stage. The SMCS design
internal to this analysis is the combined lead-lag/notch compensation described in Eq. (4.12) and
Figs. 62-63. Recall the crossfeed path in Fig. 54 is utilized to "bend" the forward portion of the
vehicle to oppose elastic deflections arising from pitch commands issued at the aft tail. When
translated into the mathematics, the crossfeed is used to eliminate, or reduce, critical nonminimum
phase zeros associated with the q400/9g and a, 400/9g transfer functions. Additionally, the
crossfeed is utilized to relocate zeros near critical augmented pole locations from Fig. 62. In Fig.
62, modes 1 and 2 are considered most critical based upén their contribution to the overall
responses. These two intermediate pole locations (-1.74j7.9 and '-1.4+j12.9 1/s) are denoted by
the "+" symbol in Figs. 64-65. The design strategy of the control architecture in Fig. 54 is now
apparent: aeroelastic suppression is achieved by both mode damping (pole augmentation) and
dipole "tightening" (zero augmentation).

In Fig. 64, the zero corresponding to mode 1 initiates from well within the right-half plane,
and migrates to just inside the left-half plane (-0.17+j2.1 1/s) for large values of k.. The right-half
plane starting point for this migration path is an inherent characteristic of the non-collocated vehicle
G(s) transfer function. For a nose down pitch command issued at the tail, an elastic pitch up
contribution from mode 1 occurs (see deflection shapes in Fig. 28). This elastic pitch is initially
out of phase with the rigid pitch motion. On the other hand, the zero designated with mode 2 starts
from well within the left-half plane and migrates towards the imaginary axis (-0.58+j11 1/s) as the
gain k. increases. Fig. 28 indicates the elastic pitch contribution from mode 2 at this fuselage
station is nose down and is initially in phase with the rigid pitch motion. Similar behavior is
observed in the a, 40¢/3g transfer function in Fig. 65, except the mode 1 and mode 2 characteristics
are reversed from that in Fig. 64. This reversal of characteristics is due to the inherent

nonminimum phase behavior associated with forward station rigid acceleration. For the nose
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down pitch command, the 400 in station will initially experienc;ﬁp acceleration from the rigid-
body contribution to the overall motion. Acceleration from mode 1 is in phase, and acceleration
from mode 2 is out of phase, with respect to this initial rigid motion. Hence, in Fig. 65, migration
path 1 originates in the left-half plane while path 2 starts in the right-half plane.

For a crossfeed gearing ratio of -0.3 rad/s/rad, the critical nonminimum phase zeros are
reduced, but not fully eliminated. Use of a higher gearing ratio would fully eliminate these right-
half plane zeros, but would also result in excessive vane travel and rate activity (see Section V).
Excessive vane motions may impact airflow quality over the main wing and at the propulsion
inlets. Further, aggressive vane command signals may not be realizable with current actuation
hardware technology. Another important issue gleaned from the characteristics in Figs. 64-65 is
the fundamental trade between the mode 1 and 2 dipole structures. Consider Fig. 65. For low
gearing values (such as -0.3 rad/s/rad), the crossfeed is tuned to yield a tight dipole for mode 1
(maximum cancellation). This tuning leaves the modal contribution from mode 2 at a high level
(i.e., loose dipole for mode 2). Utilization of higher gear ratios would result in opposite dipole
characteristics. Similar observations are noted in Fig. 64, but the pitch rate behavior is
fundamentally worse because the critical right-half plane migration branch is at a much lower
frequency, when compared with corresponding features in Fig. 65.

This conflict between modes 1 and 2 is traceable to the deflection shapes given in Fig. 28.
For a pitch command issued at the tail, modes 1 and 2 initially deflect in opposite directions at
forward stations. Intentional "bending" of the forward vehicle structure to oppose mode 1 pitch
motion inherently amplifies the contribution from mode 2, and vise versa. Due to the close spacing
of modes, there is no direct means to independently leverage one mode and not the other. The
vane mounting location could be slid back to the mode 2 node point, but significant leverage on
mode 1 is Jost. For the baseline vane and with static compensation for the K (s) crossfeed block,
the only available design freedom is gain adjustment to balance the structural contributions from

modes 1 and 2 to the overall response. This balancing leads to unsatisfactory results.
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Utilization of filtering in the crossfeed path has been found to lessen the severity of the

trades noted above. Consider a "cliff" filter within the crossfeed block, or

102 (S+40)(S+40)
K =
of(8) =Kt 402 (s2+2{0.5}{10}s+10%)

(4.13)

This filter consists of two, considerably damped, complex conjugate poles and a pair of real zeros,
with break frequencies beyond the denominator natural frequency. The magnitude frequency
response shape associated with this filter includes steep (cliff) attenuation beyond the denominator
break point and gradual leveling off of magnitude beyond the numerator break points.

Figs. 66-67 show the qu00/0g and a, 400/Op numerator migration characteristics
corresponding to the dynamic crossfeed K.g(s) in Eq. (4.13). In both transfer functions, the cliff
filter denominator has the effect of introducing a new migration path. This new migration path
starts at the cliff filter pole -5+j8.7 1/s and terminates at the points -0.17-+j2.1 and -0.19+j3.8 1/s,
respectively, in Figs. 66-67. This new path serves as a replacement path for the original mode 1
path (compare the paths labeled "Cliff" in Figs. 66-67 with the paths labeled "1" in Figs. 64-65).
An initial assessment of the mode 1 dipole characteristics in Figs. 66-67, relative to the
corresponding features in Figs. 64-65, would indicate degraded behavior for the modal
contribution to the responses. The mode 1 dipoles in Figs. 66-67 are considerably more open than
in Figs. 64-65. However, when both mode 1 and mode 2 dipoles are considered simultaneously,
the new characteristics yield notable improvements in the overall modal contributions. A much
improved balance between the mode 1 and mode 2 contributions to the responses is obtained with
the cliff filter. A value of k¢ = -0.25 rad/s/rad provides the "best" balance when monitoring the
time responses of the final overall closed-loop system. Another added benefit from the cliff filter is
the readjustment of the critical nonminimum phase migration paths to higher frequency regions.
Note in Figs. 66-67 the paths originating in the right-half plane labeled "1" and "2" are pushed to a
higher frequency when compared with Figs. 64-65.

In terms of the mechanics, this dynamic crossfeed, in response to pitch commands at the

tail, will tend to actively control and oppose the out of phase elastic pitch deflections in the
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frequency region below 10 rad/s (mode 1), and will respond with reduced authority to the in phase
elastic pitch motions occurring above 10 rad/s (mode 2). Under the fixed inner loop architecture
given in Fig. 54, there appears to be few other alternative solutions for the crossfeed logic.
Crossfeed filters exploiting right-half plane parameters is one alternative, but is not recommended
for systems which must be implemented. The two channel control architecture is well suited for
augmenting the rigid pitch and lowest frequency structural modes. When the next higher
frequency structural mode becomes significant, as in the HSCT configuration, the two channel
architecture has limitations to what can be accomplished. Here, these limitations manifest
themselves in terms of the crossfeed action impacting modes 1 and 2 in opposing manners, and the
resulting residual aeroelastic contamination remaining in the responses. Consideration of a three

surface deflection strategy is beyond the scope of study here.
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D. Pitch Augmentation Loop
Consider the traits of the q;g50/Og transfer function Evans plot corresponding to Eq. (4.7)
in Fig. 68. In this loop, the baseline controller equalization is proportional-integral (PI) logic, or
Kpo(s) = kzz(szz) (4.14)

For a relaxed stability airframe (such as the HSCT at low altitude, subsonic flight conditions), PI
compensatory manipulation of the pitch rate error signal is a highly effective strategy for
stabilization and augmentation of the pitch characteristics. Here, the PI parameter z will be selected
asz =2 1/s. Again note the aeroelastic suppression loop with Eq. (4.12), and now the crossfeed
with Eq. (4.13), are intrinsic to the system characteristics discussed here. In Fig. 68, observe how
the unstable real axis pole is driven into 1/19; , which resides slightly in the left-half plane, and
how the mid period mode moves out to become the dominant pitch mode. As expected, the 15t
aeroelastic pole is accompanied by a closely spaced zero, canceling any effects from this mode in
the signal as it travels around the loop, regardless of the loop gain. Focusing on the higher
frequency aeroelastic modes, the 1,850 in sensor leads to "out of phase" pick-up of the 20d and
11th modes. As the loop gain kj, is increased, these modes lose damping and eventually lead to
instabilities. Similar behavior was noted in Ref. 13, but here the aeroelastic suppression loop has
already damped these modes, allowing some of the damping to be traded off. The design
constraints associated with 1) having a sufficient level of gain for handling qualities, and 2)
keeping the gain sufficiently low to preserve aeroelastic stability margins, are significantly less
severe when contrasted with similar characteristics observed in Ref. 13 using a SS/SS control
architecture.

The closed-loop poles in Fig. 68 are highlighted for a compensator gain of kyy =-3.07
rad/rad/s. Fig. 69 shows the corresponding Bode plot. For this gain value, the real axis instability
is neutrally stable (note the dc gain of 0 db in Fig. 69 and the closed-loop pole at the origin in Fig.
68). Magnitude crossover occurs at 1.3 rad/s, and is later shown to be satisfactory for pitch

damping and frequency, rigid phase margin, and aeroelastic gain margin requirements. The key to
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mutual attainment of these various requirements noted in Fig. 69 is the secondary vane loop
dedicated to aeroelastic suppression. The vane loop has the fortuitous effect of attenuating the
Bode magnitude response peaks in Fig. 69 beyond 6 rad/s. One major deficiency still exists in
Fig. 69, however. For the indicated controller gain, note the dc gain in the Bode plot does not
meet the low frequency 4.5 db gain margin requirement. In fact, the relaxed stability mode is not
fully stabilized with this gain value. A simple solution for this problem will be discussed shortly.

These Evans and Bode features give a qualitative perspective of the much improved
tradeoffs (relative to Ref. 13) between rigid-body and aeroelastic characteristics associated with the
pitch augmentation loop. For a quantitative description of the tradeoffs, consider Tab. 14 which
indicates compliance or non-compliance with several flying quality requirements and metrics, as
the loop gain kj, is adjusted. Performance metrics include rigid pitch frequency, damping, control
anticipation (CAP), and omega-tau, while stability metrics consist of the rigid low frequency gain
margin, rigid high frequency phase margin, and aeroelastic mode 2 gain margin. These metrics are
as defined in Refs. 1 and 2. In Fig. 69 note the phase point corresponding to mode 6 is very near
-180 deg and the peak magnitude values of mode 6 and mode 2 ak nearly equal. Therefore, the
computed aeroelastic gain margin for mode 2 also approximately represent margins for mode 6.
Shaded boxes in Tab. 14 indicate noncompliance with the requirement.

Before starting the discussion, a few comments are in order. The flying quality
requirements spelled out in Refs. 1-2 have not been validated for highly flexible vehicles, and do
not fully address important flying quality issues expected with such vehicles.24 Never the less,
there is little else to base flight control decisions on, short of costly piloted simulation tests.
Therefore, the requirements are used here, but only to seek ballpark estimates of flying quality
levels, not definitive answers. Because of the uncertainty involved, and to reduce computational
burdens, the equivalent systems approach was not considered here. Therefore, the numbers in
Tab. 14 were calculated by using data taken directly from the full order model, not an equivalent
number from a reduced order model. In computing OspTey. 1/z was substituted for tg,. Further,

the requirements correspond to Class I vehicles in Category C flight.
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Table 14. System Characteristics With Gain Adjustment

For 1,850 in Pitch Rate To Elevator Without Filtering
“k3z Ogp, Lep CAP OgpTe2 | Mw<.38 FMyy> .38 GMp

0.7 20.35 20.16 >1.3 >4.5 245, 8.

(x/x/s) | (x/s) (-) (1/gs?) -) (db) (deg) (db)
0.46 [o0.38 0.47 (min) | 0.0087 0.19 7 [ -16.49 48.8 28.47
1.12 |o.64 0.51 0.025 0.32 -0.76 47.6 20.74
3.07 [1.22 0.56 0.089 0.61 0.00 51.6 11.98
5.22 [1.66 0.61 0.17 0.83 4.61 55.2 7.37
7.04 [1.97 0.66 0.23 0.99 7.21 57.5 4.77.
8.84 [2.22 0.71 0.30 1,11 9.19 59.1 2.80
10.73 | 2.45 0.76 0.36 1.23 - 10.87 59.8 1.11°
12.78 | 2.67 0.81 0.43 1.34 12.39 59.5 -0.41

The entries in Tab. 14 correspond to 0.05 increments in rigid pitch damping, and note that
one entry corresponds to the gain previously discussed. Level 1 requirements for short period
damping, frequency and control anticipation, as well as requirements for low-end rigid gain margin
and high-end rigid phase margin, can all be satisfied with only a small violation in the aeroelastic
mode 2 gain margin requirement (for ky, = -5.22 rad/rad/s). It should be noted that ratings based
on omega-tau do not correlate particularly well with those based on control anticipation. In general
(aside from the noted exception), as loop gain is increased, rigid-body performance requirements
for predicted Level 1 flying qualities and stability requirements become satisfied just as the
aeroelastic mode 2 gain margin violates the 8 db requirement. In Tab. 14, negative gain margin
entries imply a margin deficiency beyond neutral stability. Fig. 70 illustrates the situation further.
These plots show the CAP vs. Csp and WspTey Vs. Csp predicted pilot ratings with aeroelastic gain
margin as the parameterization. The 20d aeroelastic mode gain margin is just compromised as good
rigid-body flying qualities are attained (based on CAP). These relationships support a high level of
confidence in meeting the closed-loop objectives with the proposed inner loop control architecture
in Fig. 54.

Refocus attention on stabilization of the relaxed stability mode in Figs. 68-69. This mode
is closely tied to the forward speed degree of freedom. One possible solution would be utilization
of a speed control loop (either elevator or throttle based) to leverage this unconventional low

frequency mode. This solution may add unnecessary control architecture, and may complicate
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interfacing issues with a "flight path rate / speed” outer loop control system, the current baseline
outer loop architecture for HSCT. Here, utilization of the basic pitch augmentation characteristics
previously discussed is recommended. Simple loop gain increments will stabilize the mode. To
desensitize the aeroelastic modes to this increased loop gain, a somewhat nonstandard strategy is
utilized. The Bode magnitude response above 0.01 rad/s will be attenuated uniformly by the
amount approximately needed to stabilize and robustize the relaxed stability mode (4.5 db). This
attenuation is achieved from a small lag-lead filter located near 0.01 rad/s. In the critical frequency
range, there is virtually no loss of phase from this filter. The low frequency instability is then
stabilized, and original crossover bandwidth is recovered, by overall gain adjustment.

The Bode plot for this modified loop design appears very similar to Fig. 69, except the dc
magnitude value is now at 4.5 db. Based on criteria already presented, acceptable pitch handling
qualities (at the 1,850 in station) and stability margins across the entire frequency spectrum are
attainable with the modified loop shape. However, examination of the 400 in pitch rate response
due to stick commands reveals an objectionable level of residual structural vibration. In other
words, 8 db attenuation of the aeroelastic modes in the 1,850 in loop for stability purposes is not

sufficient for performance requirements at other stations. Thus, to further attenuate these modes, a

~ low pass filter with break frequency at 10 rad/s is inserted into the loop design. The low pass filter

leads to approximately 6.7 deg of phase loss at the gain crossover point. The overall phase at this
same point is 1.2 deg shy of compliance with the 45 deg margin requirement. To recover this
margin, an additional small lead-lag circuit is incorporated near 1 rad/s.

The final compensator is

. (s+2) .01 (s40.02) 12 (s+1.1) 10
K2(8) =k22" 5 5’02 (s70.01) 1.1 (5+1.2) (s+10) (4.15)

and Tab. 15 summarizes the design for a gain value of ky, = -5.08 rad/rad/s. Also, Figs. 71 and
72 show the final Bode and Evans features. By exploiting the additional filtering in Eq. (4.15),
rigid-body stability and performance requirements and aeroelastic stability requirements could all

be achieved simultaneously, if a sufficient level of gain is selected. However, a low gain was

144



intentionally selected (ky, = -5.08 rad/rad/s) to keep the residual structural vibrations, in forward
station responses, to a "sufficiently small" level. For this gain value, the rigid-body gain crossover
only reaches 1.18 rad/s, as seen in Fig. 71. Short period frequency and damping meet Level 1
requirements. However, control anticipation only satisfies the Level 2 requirement (see Tab. 15).
Simultaneously, the rigid-body low-end gain margin and high-end phase margin are very near the
4.5 db and 45 deg requirement levels, but do satisfy these requirements. In addition, the
aeroelastic mode 1 gain margin is intentionally set well above the 8 db requirement for reasons
stated previously. The control anticipation value could easily be boosted to a Level 1 rating with a
modest gain increment equivalent to approximately 4 db, still leaving approximately 12 db gain
margin for mode 2. However, a more comprehensive assessment, which additionally considers
effects on handling qualities from transient response characteristics originating from residual

vibrations, would, with high probability, predict a lower rating.

Table 15. Design Summary Of 1,850 in Pitch Rate To Elevator
With Filtering, k,, = -5.08 rad/rad/s
Metric Level 1 Level 2 (unit) Design
Dgp 20.7 20.4 (rad/s) 1.15
Cep 20.35 20.25 (=) 0.54
cap >0.16 20.05 (1/gs?) 0.08
055,792 21.3 20.75 (-) 0.58
GMy< 38 24.5 - (db) 4.51
PMys 338 245. - (deg) 46.05
GMy 28, - (db) 16.26

Figs. 73 and 74 show the pitch rate and vertical acceleration responses at the 400 in station
for the design summarized in Tab. 15 due to a 1 deg/s nose up command issued at Y2, in Fig. 54.
The basic closed-loop response shapes are as expected for such a large airframe with a long lever
arm to the cockpit: pitch rate rises with one significant overshoot and settles near the commanded
value in approximately 4 s and acceleration generally follows the pitch rate response

(a,~- chi —Uq). Superimposed on these rigid pitch characteristics, is the residual structural
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vibrations that remain even after being actively suppressed. These transients would be even more
severe if the pitch loop gain were increased further to satisfy Level 1 CAP requirements. No
disagreement will be given concerning the significance of the initial transient motions in these
responses (especially for acceleration in Fig. 74) and the impact they may have on compensatory
piloting tasks and ride comfort. However, a refined assessment of the features in Figs. 73-74
reveals some attractive characteristics. In direct response to a nose up command, ocular and
vestibular cues (both rotational and translational) stimulating the crew would exhibit high initial
onset which is in phase with the command signal, and remains so. The observed visual scenery
would indeed be rapid nose up motion relative to the horizon. Likewise, the crew would initially
receive a solid "kick in the pants" inertial load in the proper direction. The strength of this inertial
cue does exhibit transients (approximately 0.02 g or 17% of the steady value, approximately 0.12
g) for about 1.5 s. However, the acceleration cue does not, and does not come close to, direction
change (+ sign) during these short duration transients. It is quite probable an experienced and
sufficiently trained pilot could perform successful closures on such dynamics. Quantification of
these effects, through testing and criteria development, for aeroelastic vehicle dynamics and control
requires additional work.24

The response characteristics in Figs. 73-74 are near optimal, under the proposed
architecture and practical constraints discussed in Sections IV-A through IV-D. Each component in
the overall multivariable controller is important to, and is tuned for, achieving the dynamic
performance levels noted in Figs. 73-74. If any single component is removed, the response
characteristics degrade significantly. This sensitivity should not be confused with robustness to
unmodeled dynamics and parameter variations. On the contrary, Tab. 15 indicates good
gain/phase margins and Section IV-F shows good parameter margins, as well. The response
levels in Figs. 73-74 can be improved upon if greater design risks are taken. A more aggressive
posture in the aeroelastic suppression loop would damp the residual vibrations seen in Figs. 73-74.
This would, in turn, allow for more aggressive augmentation in the pitch loop leading to Level 1

flying qualities (predicted by control anticipation values). A more aggressive filtering strategy in
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the crossfeed block would also result in reduced initial transients. The proposed crossfeed is
currently tuned to strike a balance between mode 1 and mode 2 contributions to the initial
transients, as can be seen in Fig. 74. This report offers several options for the inner control loops
for a HSCT class vehicle and shows the tradeoffs between these options. However, program
management must uitimately decide the level and aggressiveness of augmentation that is to be
undertaken, if this architecture, or a derivative thereof, is adopted.

In Ref. 13, where scalar-loop architectures were considered for both pitch augmentation
and aeroelastic suppression simultaneously, a very severe trade between pitch handling
characteristics and aeroelastic stability existed. In the multi-loop architecture considered here and
implemented with the additional vane loop, this trade becomes one of pitch handling qualities vs.
aeroelastic residual vibration, in a performance sense, not a stability sense. Although a significant
trade issue remains, it is considerably more appealing than one involving basic stability levels.
With the feedback signals fully exploited, the remaining response deficiencies will be resolved with

the command signal prefilter.
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E. Command Shaping Prefilter

The residual vibrations noted in Figs. 73-74 can be directly traced to the final closed-loop
dipole structures for modes 1 and 2. The closed-loop poles for modes 1 and 2 are shown in Fig.
72. Note these locations are not far removed from the locations indicated in Figs. 66-67. Also
observe from Eqs. (4.5) and (4.7) that the closed-loop zeros, after the crossfeed design step and
after the pitch loop design step, are identical, aside form any K,,(s) compensator zeros.
Therefore, Figs. 66-67 capture the essence of the residual structural vibration problem, and also
indicate the required command filtering.

The closed-loop root locations for modes 1 and 2, as computed from the design presented
in Section IV-D, are listed in Tab. 16. In Figs. 66-67, these poles are denoted by the "+" symbol,
and the zeros by the "*" symbol. The contribution from each mode to the time response is a
function of the modal residue, which in turn is related to the dipole magnitude (distance between
pole and zero). Figs. 66-67 illustrate the optimized dipole characteristics, which are highly
improved from the basic airframe characteristics, but are still lacking, as evidenced by the

responses in Figs. 73-74.

Table 16. Closed-Loop Mode 1 & 2 Root Locations For 400 in
Pitch Rate And Vertical Acceleration

Mode|Poles (1/s) 7zeros-Pitch Rate (1/s) | Zeros-Accel (l/s)

1 -1.73%3 7.97 [-0.994j5.03 -1.75 +7 6.01

2 -1.48%+§12.75 | +2.86+78.51 ) -0.070%£j13.95

Screening of selected frequencies by the stick filter is based on the listed root locations in
Tab. 16. First note the pitch rate and acceleration zeros associated with mode 2 are located in the
right-half plane, or very near to this region. Utilization of left-half plane filter roots rules out any
significant screening of mode 2. This is of no great concern, as mode 1 is the largest contributor to
the transient motions. Although the mode 1 pole locations are identical for either response channel
in Figs. 66-67, the zeros associated with this mode are not. Therefore, some compromise will

exist when blocking frequency content in the pitch rate response vs. the acceleration response.
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Fortuitously, the cliff filter results in responses with very similar numerator root locations for
mode 1.

The prefilter is specified as

=5 (st 572 (s2+2{0.21}{8.1}s+8.12) 3g
P9 =3 (s+5) 8.12 (s242{0.26}{5.7)5+5.72) (5+30) (4.16)

This filter structure consists of quadratic numerator and denominator factors which lead to poles
approximately centered between the zeros locations listed above and shown in Figs. 66-67. In
addition, a small lead-lag factor is included to effectively increase the closed-loop Tg2 value in
hopes of improving the separation between pitch and flight path responses, and to improve the
control anticipation ratings. This lead filter also has the effect of reducing any phase loss from the
quadratic factors in the command path. A final component of the prefilter is a low pass element to
limit the control bandwidth of the pilot inputs above a specified frequency and to further reduce
excitation energy reaching the aeroelastic modes. The prefilter in Eq. (4.16) is mild in the sense
that it will not violate physical limitations or possibly saturate limiters and actuators that lie
downstream. If the filter is not tuned properly, the stability of the inner loops are not compromised
as the prefilter lies outside of these loops. However, stability of the pilot loop closure is dependent
upon the tuning accuracy. Since the augmented mode 1 pole and cliff filter zero locations are
partially depehdent on the specified controller parameters, knowledge of their values should be
high, to some extent, allowing accurate tuning. One can even foresee the possibility of a limited,
but cockpit adjustable, stick filter to allow pilots to tailor the compfomise between screening of
initial transients in the pitch rate response vs. vertical acceleration response.
Figs. 75-76 show the pitch rate and vertical acceleration responses at the 400 in station for
the design from Section IV-D now including the command shaping prefilter P,(s) in Eq. (4.16)
“due to a 1 deg/s nose up command issued at S‘Izc in Fig. 54. Additionally, Figs. 77-82 show the
Tesponses at several other stations along the vehicle centerline. The effect of the stick filtering is
evident when the new responses (Figs. 75-76) are compared with those given in Figs. 73-74.

Initial transients in the acceleration response have been greatly reduced and may only register as a
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small annoyance that does not impact basic piloting tasks. In addition, the response characteristics
illustrated at other stations (Figs. 77-82) will reduce passenger exposure to ride discomfort during
maneuvering flight. The small amplitude transients in the 0.5-1 .5 s region of the forward station
acceleration response (see Fig. 76) can be reduced even further by adjusting the low pass break
point from 30 to 10 1/s. However, such a modification leads to large effective time delay.

Analysis of the new effective Tg, characteristics and the apparent time delay due to the prefilter in

Eq. (4.16) are addressed in the next section.
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F. Additional Evaluation of Control Law
In this section, a more in-depth evaluation of the proposed control law from Section IV-A

to IV-E is considered. Basic stability and performance features of the nominal system, as well as
limited stability robustness characteristics, were considered in the previous sections to design the
control system. Here, evaluation of the closed-loop system will concentrate on the following
items:
. Stability Robustness

Isolated Gain And Phase Variations

Simultaneous Gain And Phase Variations

Structural Parameter Variations
Aerodynamic Parameter Variations

. Performance
Flying Qualities Based On Equivalent System
Gust Ride Discomfort

Finally, several comments are given on Ref. 25, which performed an external analysis of a control
Jlaw based on an "aggressive" variant of the control system presented here. This reference also

developed a new, alternative control law.

164



Stability Robustness

Isolated Gain And Phase Variations

By performing algebraic manipulation, the inner loop architecture in Fig. 54 can be

equivalently expressed in standard notation as shown in Fig. 83 where
K 12(8) =K y3(s) Kefls) Ky(s)

KZI(S) =0

@4.17)

Loop transfers obtained by individually breaking the system at the two input signals and the two

output signals indicated in Fig. 83 are
K11G11A1+K19G7;A1+KG 1A 1A,
14K21G 12A5+K5,GpA
K21G12A5+K20G A +KG LA 1A,
I+K11G 1A 1+K 156 1A
Ki1G11A1+Kp1G1pA +KG 1 1A 1A,
14K 156214 1#K 2G04,
K12G21A 14K 2GA +KG 1A 1A,
14K 11G11A 1#K5 1G04,
K=K;1Kyp - K 5Ky,

Gol@il(s) =

Gol@ia(s) =

Gol@01(s) =

Gol@e2(s) =

(4.18)

Bode plots corresponding to Eq. (4.18) are shown in Figs. 84-87. Additionally, Tab. 17 lists the

gain and phase margins computed at each break point.

Table 17. Isolated Gain And Phase Margins

Robust. Metric | Spec. @ ul @ u2 @ yi1 @ 2
GMUy. 3¢ >4.5 (db) N/A o N/A =
GMl, . 3g >4.5 (db) N/A 7.67 N/A 4.51
PM o< 38 >30 (deg) 127.04 |N/A N/A N/A
GMY 35 0<5 26 (db) 18.43 N/A N/A N/A
GML 35_aes 26 (db) oo N/A N/A N/A
PM 35 ges >45 (deg) 141.60 |63.08 N/A 46.05
GMY,_ >8  (db) 18.25 |18.73  |18.25 |16 26
aMlc_ o 28  (db) w w = »

PM. ., >60 (deg) 70.88 |N/A 72.30 N/A

N/A: No applicable crossover point exists.
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In Tab. 17, all margin requirements are satisfied. In general, the margins computed at the
input and output for a given channel reflect similar values indicating the closed-loop system is
"balanced” with respect to robustness. The low frequency gain margins and the high frequency
phase margins for the rigid-body modes are riding the requirement limits, while the aeroelastic gain
margins are well beyond sufficient levels. These characteristics reflect the superior gain/phase
behavior of the vane loop, the pitch loop, and the design strategy to reduce residual structural
vibrations. Note Figs. 84 and 86 are similar in appearance to Fig. 63, and thus reflect the vane
loop characteristics after the lower frequency pitch loop effects are folded into the system. Also

note with K51(s) =0, Fig. 87 is identical to Fig. 71.
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Stability Robustness

Simultaneous Gain And Phase Variations

Consider the inner loop architecture in Fig. 83 re-expressed with vector notation in Fig. 88

where
Iy _ Ui, 10
y—[yz} . U= UZJ , P—[Pz] (4.19)
' KK G, G A0
K=|>1b12 G=|21Mn A=t
K1 Ko Gy G2 0 A,

Fig. 88 also illustrates input and output multiplicative error (E;(s) and E(s)) that is to be

considered, albeit separately. Application of stability robustness theory leads to the following

inequality relationships:
o[l+{KGA} ™1 > 5[E|] | o[I+{GAK} 1] > B[E,] (4.20a)
1> o[{I+ (KGA)}E;] | 1> B[E,{I+ (GAK)'}] (4.20b)
ol +{IHKGA) 1} %E]>0 | g[l+eE,{IHGAK)™"}7']1>0 (4.20c)

for0S®w< and0<e<1
If Egs. (4.20a) or (4.20b) are satisfied, then stability is maintained in the presence of error. Since
these two relationships are only sufficient, no conclusions can be drawn when they are violated.
However, Eq. (4.20c) is sufficient and necessary for stability robustness. Only Eq. (4.20c) can be
utilized to ascertain precise stability margins.
Gain and phase variations of equal strength in each channel will be represented as

E; =(mei®-1)I : E, =(mei®-1I (4.21)
where m denotes a magnitude parameter with m = 1 being nominal, and 6 represents the phase
parameter with 6 = O giving the nominal system. The parameters m and 0 are used to determine
the multivariable gain and phase margins for the closed-loop system. Two types of variations are
considered here: 1) piecewise uniform variations (with respect to frequency) reflecting the multi-
loop MIL-F-87242 margin requirements and 2) uniform variations. Type 1 is utilized to establish
compliance with specified design requirements listed in Ref. 2. Type 2 is utilized to determine the

actual gain and phase margins for the system.
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Figure 88. Inner Loop Architecture Expressed With Vector Notation

Figs. 89-90 and 93-94 show the stability robustness characteristics at both input and output
locations against the design requirements specified in Ref. 2. Although nearly satisfied across all
frequencies, Egs. (4.20a) and (4.20b) are not satisfied. In these same figures, however, the
results corresponding to Eq. (4.20c) are also shown. These results establish that the control law
design from Sections IV-A to IV-E meets all multi-loop gain and phase margin requirements. In
these figures, note that characteristics at the input and output are quite similar. Magnitude
variations indicate that further gain reduction will likely result in a low frequency instability
(observe the dc values in Figs. 89 and 93 near 0.2 corresponding to a real axis pole approaching'
the origin). The relaxed stability airframe and controller form a conditionally stable system which
requires a minimum level of feedback gain for stability, and this characteristic is reflected in Figs.
89 and 93. Also based on the robustness curve shape, further gain amplification will likely result
in high frequency aeroelastic instabilities. It can also be seen that phase loss strongly influences
the short period mode (near 1 rad/s) and further phase loss will destabilize this mode. Phase
advance does not significantly influence the closed-loop stability characteristics.

Figs. 91-92 and 95-96 show the precise multivariable uniform gain and phase margins

existing with this system at both input and output locations. The non-conservative inequality in
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Eq. (4.20c) is utilized to establish these margins. The gain and phase parameters are varied until
the minimum singular value becomes zero, as seen in the figures. The upper gain margin is 14 db
(m = 5.2), while the lower gain margin is 4.3 db (m = 0.61). Upper phase margin is 106 deg and
the lower phase margin is 44 deg. These margins hold at both the input and output, again
reflecting "balanced" robustness properties between input and output. Further, these margins and
the corresponding modes that are destabilized correlate strongly with the single-loop isolated
margins. The numerical values are quite close (4.3 vs. 4.5 db, 14 vs. 18 db, 44 vs. 46 deg, and
106 vs. 70 deg). The low-end gain margin corresponds to destabilization of the relaxed stability
mode (0 rad/s), and the high-end gain margin is associated with the aeroelastic mode 1 (8 rad/s).
The phase loss margin drives the short period mode unstable (1 rad/s), and the phase advance

margin pushes aeroelastic mode 1 to the right-half plane (8 rad/s).
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Stability Robustness

Structural Parameter Variations

Consider the inner loop architecture in Fi g- 88 re-expressed such that the internal parameter

structure of G(s) is explicit as shown in Fig. 97. This formulation is governed by

y| _ [MuMp|ly
[Zi] = [M;l MZZHZSJ (4.22)

Z, = Az,
where A represents variations in the system parameters of interest. The variables z; and z,, denote
the input and output signals for A, and M;;(s) represents the corresponding transfer matrices
between y, z; and y,, z,. The matrices M;;(s) are functions of K(s) and internal components of

G(s). Application of stability robustness theory leads to the following inequality relationship:
o[l -eAM,,] >0 (4.23)
for0<Sw<e and0<e<1

Eq. (4.23) is sufficient and necessary to maintain stability in the presence of error and can be

utilized to establish precise stability margins.

Y

Y2, Ye y
M(s)

Zo

Zi

A

Figure 97. Inner Loop Architecture With Internal Parameter Variations

Variations in structural damping ratios will be considered initially. Suppose the vehicle-

actuator state space model from Eq. (2.8) is manipulated such that
x=[x1 XZ]T (4.24)

x1 = all remaining states Xy = [TI 1 Mg - ]

183



i 2 [An X,
X2 Agi App|[*2

, X

y= [Cl CZ] {Xz]

where x, represents the generalized coordinate rates 1; for the aeroelastic modes and x; represents

all other states. The partition Ayj is
- (20,0,-F F
(28 11’11) In,

A22 = an . - (2C2(02—'F2n 2) (425)

where {; denotes the structural damping ratios and other parameters are defined in Eq. (2.12) or

later in this subsection. The variation in damping will be represented as
Ag; =(m-DE; (4.26)

where m denotes a scaling parameter with m = 1 being nominal. These variations induce a

perturbation for Ay,, or

- 2AC 1™ 0 ...
AA22 = 0 - 2A§20)2 “4.27)

For the structural damping ratio variations, the matrices My, and A in Eq. (4.23) are

M,y = {sT— Apy — AQy(sT- A1) 1A ! (4.28)
A=A, -BKC, A=A -BiKC,
Ay =A, - BKC A=Ay -BKC,
A = AA22

Nominal values for all ; are 0.02 and Tab. 18 lists the nominal values for ;.

Fig. 98 shows the stability robustness characteristics against structural damping ratio
variations. The nor-conservative inequality in Eq. (4.23) is utilized to establish parameter
margins. The scaling parameter has been varied until the minimum singular value becomes zero.
As expected, the upper parameter margin is essentially unbounded (m = +o0). Fig. 98 shows the

characteristics for m = 10, but this is only an example. Significantly larger values for m yield
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similar results. Variations in this direction push the airframe aeroelastic poles into the left-half
plane away from instability and the singular value in Fig. 98 does not approach zero. The lower
parameter margin is equivalent to a 52% reduction in damping (m = 0.48). As seen from Fig. 98,

this variation pushes aeroelastic mode 4 into the right-half plane (17 rad/s).

Table 18. Nominal 'Structural Natural Frequencies
Mode ®; (rad/s) [Mode ©; (rad/s) [Mode ®; (rad/s)
1 7.83 7 24.39 13 56.51
2 12.61 8 29.90 14 60.82
3 16.94 9 36.28 15 62.40
4 17.30 10 43.55 16 64.24
5 19.60 11 47.30 17 65.29
6 21.05 12 54.46
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Variations in structural natural frequencies are considered next. Under this type of

variation, the partitioned vehicle-actuator state space model becomes

x=[ X Xy X3 ]T x1 = all remaining states (4.29)
T T
X2=[n1n2 ] X3={1’11f12 ]
3! AnnAnAs|[x B,
X2| = [A21 A Ags | Xp | + By u,
X3] |A31A3Ag||X3] |B;
X1
y = [C1 G, C3] X2
X3

Here, x, will denote the generalized coordinate positions for the aeroelastic modes and x3 denotes
the corresponding rates. Partitions A3, and A3z are of interest here.

[

-2 -F
(28,0, Inl)

Az = F

—(‘Df—Flnl) Fln

F;
2 ub;
FE - -F

2n, (4 2le)

- (2C20)2—F2n 2) (4.30)

Az =
32 oy

N | : -]

In Eq. (4.30), ; denotes the structural natural frequencies. Variation in frequency will be

represented as

Aw; =(m- Doy, 4.3
The corresponding state space parameter variation matrices AAj, and AA3; are
- 2o Am+A0]) 0 -20ijAw; 0 ...
AA32 = 0 - (2(02A0)2+A(l)3) AA33 = 0 - 2C2A(Dz 4.32)
Finally, the matrices M, and A become
M
22 22 AA 0
My, = 12 : A=|703%2 4.33
27 My, My, 0 AAg; (*#:33)

My, = {sI-Ap) A% s - AY;)]

My, = {sI- Az}~
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My, = {sI- A%} 1AY {sT - ALs) !

My, = {sI-A33)"!



A =An+Anisl-Ass)'As A=A +An(sT- Ay} A

Ay=An+Ay(sI-Al) A} A=Ay + Ay {sI-A ) A3
Ap=Ag+Ay{sI-Al) A As3=Aj+A5{sI-A) ) A3
A=A -BKC Alp=Ap-BKC) A13=A13-BKC;
Ay = Az —ByKC, Aj=Ag-ByKC) Ap3=Ag3-ByKC;
A3 =A3-B3KC A3y =A3—-B3KC) A33=A33-B3KC;

Fig. 99 shows the stability robustness characteristics against structural natural frequency
variations. The scaling parameter m is again varied until the minimum singular value indicates
neutral stability. Results in Fig. 99 show the closed-loop system can tolerate a 50% reduction (m
=0.5) and a 31% enlargement (m = 1.31) of the frequency values. On the low-end, the aeroelastic
modes cluster in the 4 to 40 rad/s region and all are close to instability (mode 3 initially goes
unstable at 8.6 rad/s). Although not readily apparent from Fig. 99 form = 0.5, it is interesting to
note the rigid pitch mode is damped further, through coupling effects, under this variation. This
behavior can be inferred from basic root migration rules (i.e., poles repel poles). As the structural
modes migrate in a direction towards the origin under the natural frequency variation, they tend to
push the rigid pitch mode to the left resulting in higher damping values. On the high-end, the
aeroelastic modes are again destabilized, to some extent (small singular value in the 20-90 rad/s
region). However, the initial instability that éccurs under this variation is the relaxed stability
mode which migrates back towards the right-half plane (0 rad/s). Recall structural natural
frequencies influence the vehicle transfer functions through the dc term in the denominator

polynomial, which directly influences the generalized Bode magnitude values near O rad/s.
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The final structural variation to be considered is mode shapes. The total variation will be
decomposed into two separate variations influencing 1) input and output terms and 2) internal state
terms. Mode shape variations associated with the input and output terms are considered first. The
vehicle-actuator state space model is partitioned similar to Eq. (4.29), but with different state
variable assignments. Here, x, denotes the generalized coordinate rates, while x5 will denote the
control surface positions, rates, and accelerations, or

x2=[mnz ]T x3=[6j 5 8, ]T (4.34)
where j=E,V

Partitions A,3 and C, are functions of the mode shapes with the following structure,

Fl Fl Fl ‘e
Ay = anj Fzsj F25j C,=| . . ‘ (4.35)
- _ G5k ~k o _ 5k ~k o _ 35k%i ~k
Flaj =m CLaesj F‘Sj =~ CLasaj F‘5j =~ CLaeaj

wherek=H,V
where ¢; denotes the structural mode shapes, €5j denotes control effectiveness (d0/9 j)» and other
parameters are defined in Section II-C. No attempt is made to include dependency on mode shape
through the modal mass terms ;. Nominal mode shape values can be obtained from the data

given in Appendix C. Variation in deflection shape will be represented as

Ad; = (m - 1¢; (4.36)
The comresponding state space parameter variation matrices AA,3 and AC, are
F, 5; "o F; 5, 50 F; 3 "0
o e e
F2 FZ Fz 1 v
S & d; —A; —Ady -
Ay = | —2 Ady|—L Ady|— Ad, ACy = | .1 , (4.37)
Pl e e : .
o

Finally, the matrices M5, and A become
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M2, M2 0
My, = o A= |02 (4.38)

My, My : 0 AC,
My, = {sSI-Az3) T {sT- Ady) ! My, = —{sI-A33}7'B3K
My, = {s1-Ap)~ My, =={sI- A3} ~'B3K
Ap=Apn+Anlsi-Ay) 1AL, Azz=Az+Asp{sl-Ayp)TAY,
B, =B, + Aps{sI- A3} IB; B3=Bj3+A%{sI-A%} B,
Ap=Apn+Ay{sl-A A}, A3 =Ag+Ay{sl-Al ) 1A,
Ap=Apn+Ay{sI-A}7AY, Azz=As3+Ay(sI- A} )AL,
B, =B, +Aj{sI-A}}'B; B3=Bj3+Aj5{sI-A};}7IB,
Al =Aq -BKC, Ap=Ap-BKC, Al3=A3-BKC,
Az1=Az-BKC, A=Ay -BKC, A23=Ay3-ByKC,
A31= A3 -B3KC, A3 =A3-B3KC, A33=A33-B3KC;

Fig. 100 shows the stability robustness characteristics against structural mode shape
variations related to the input and output terms. The scaling parameter m is again varied until the
minimum singular value indicates neutral stability. Results in Fig. 100 show the closed-loop
system can tolerate a 79% reduction (m = 0.21) and a 167% enlargement (m = 2.67) of the shape
values. On the low-end, the relaxed stability mode migrates back to the right-half plane (0 rad/s)
under the parameter variation. On the high-end, this same trend occurs. In addition, aeroelastic
mode 1 moves to the right-half plane (9 rad/s). This aeroelastic instability is the initial instability.
Note the overall magnitude values in Fig. 100 are much smaller when compared to Figs. 98-99. In
Fig. 100, the curves approach a value of 1 at higher frequencies, but in the region of interest, the
values are very small. This feature suggests all modes are destabilized uniformly, in a gross sense.
Vastly different units for AA,3 and AC, may also be a contributor to this behavior. Scaling for
units was not considered. As a final point, uniform variation of mode shapes theoretically should
have no influence on dynamic characteristics, since deflection shapes are nonunique. The large
parameter margins reflect this observation, however, the implemented variation is an

approximation to exact uniform variations.
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Now consider the second type of mode shape variation associated with internal state terms.

The vehicle-actuator state space model is again partitioned as in Eq. (4.29), but here the state

variable assignments are

X2={‘11n2 ]T

x3=[w qn; nz---]T (4.39)

In Eq. (4.39), x, denotes the generalized coordinate positions and x5 will denote the downward

speed, pitch rate, and generalized coordinate rates. Partitions Az and Aj; depend on the mode

shapes with the following structure.

Zy, Zy,
Mpy, My,
= |— (0} F .
An = (-OfF ) F (4.40)
F — (3=
2n, (w3 anz)
: 3
[
Z, U+Z Zy, Zy,
M, M, My, My,
A3 =|F, F, -(2¢,0-F F
33 1y Fig 28,0, 1,“) Iy,
Fow P2 Fan, - (20 Fy )
gS S Sc S; x
Zy =y (E- g cky) Zg= o (T2 CE )
a5¢ < Sk & Xg g5 o ﬂi&."_k& k
MW‘InyT %3 kCLa} Ma=31_v; VT 'K F235 % & © CLy)

_ a5 S¢ o X _ ch Sk(p
Zni—ﬁ{%fq)iCL } Z'q 2mv {Ez lCL }

_35¢ v Sk %k X ok 2352 s Sk Bk X 8 ok
l\lI'ﬂi—Iyy E § ¢ S ICLa} Mnl_ZIny—r{k S C¢ ECL(X}
- 3% Sk b 5% o Sk & X 0 g
Flw—miVT {% g ¢ (_:k CL(X} qu_2miVT{k 2 S o (-3]( z La}
38 s Sk O 85 s Sk 4 9
F‘nj_ m F-T T Ty %CLol F‘n-—ZmiVT 233 g © “Lo)

where k=W H, V
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The parameter ¢; again denotes structural mode shapes and other parameters are defined in Section
[I-C. As can be seen from Eq. (4.40), functional dependency upon mode shapes is more involved
here. ¢; does not appear as a simple multiplying factor, as in Eq. (4.35). To approximately
represent the actual variation occurring in the physical system, the parameter structure indicated in
Eq. (4.40) must be utilized. Appendix D develops a least squares solution to estimate the
component lift curve slopes, assuming all other geometric and inertial data is known. Nominal
mode shape values can be obtained from the data given in Appendix C and variations in deflection
shape are modeled as in Eq. (4.36). All generalized mass values m; equal 1 "slinch", as defined in

Ref. 12. The comresponding state space parameter variation matrices AAz and AAj33 are

AZT]] AZT‘Z A 0 0 Aan Aan ..
AM.,“AMT|2 0 0 AMTI] Aan
AA32 = AFIT]] AFlle AA33 = AFIWAqu AFIT]] AFlnz (441)
AF, AF AF
20, AF2n, AF, ARy ARy AF2,,
_c']S Sk '~k qSC Sk A¢
Az, = (T a0 CE ) 8Zy = ooy (F2§ 7 CL)

_ 358 ;5 _ Sk Zk Xk 50 ok ch _&3&3% K
aMy = T2 (3§ F o a6 ) My = B2 g E LT L
85 > ST A _ flS‘?2 5 Sic %k X A%k
Ay, = V7 37 T CLy! g 2m,VT{k ’3 T ¢ © CLo)

ch‘; k k (A¢|¢J+¢'A¢J+A¢1A¢J) k
Ay =‘m?‘%’?? : o
] k
AE = ch‘:Z {2-2 (A¢1¢J"'¢1A¢J+A¢'A¢J) k }
l’l’].l 2)711VT k S é Ekc

where k=W, H, V
Matrices M,, and A are defined as in Eq. (4.33).
Fig. 101 shows the stability robustness characteristics against structural mode shape
variations related to internal state terms. The scaling parameter m is again varied until the minimum
singular value indicates neutral stability. Results in Fig. 101 show the closed-loop system can

tolerate a 63% reduction (m = 0.37) and a 196% enlargement (m = 2.96) of the shape values. On
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the low-end, the relaxed stability mode migrates back to the right-half plane (0 rad/s) under the
parameter variation. On this same plot, results show the pitch mode is also close to instability. On
the high-end, this same trend occurs. Both the relaxed stability mode and the pitch mode move
towards the right-half plane (0 and 2.3 rad/s). This pitch mode instability is the initial instability.
Again, the magnitude values in Fig. 101 are much smaller overall, as in Fig. 100, indicating nearly

uniform destabilization of all modes under this uncertainty variation.
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Figure 101. Singular Value Robustness Against
Structural Mode Shape - Internal
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Stability Robustness
Aerodynamic Parameter Variations

Two aerodynamic parameter variations are to be considered. The first acrodynamic
variation to be considered is control effectiveness of the elevator and vane. The vehicle-actuator
state space model is partitioned as in Eq. (4.29), with yet again different state variable
assignments. Here, X, denotes the downward velocity, pitch rate, and generalized coordinate

rates, while x3 denotes the control surface positions, rates, and accelerations, or

T T
xp=|w an nye] x3=[8j 5 8, ] (4.42)
where j=E, V
Partition A3 depends on the control surface effectiveness as follows.
Zs. Z§. Zg, -
MBJ MSJ 3
8) 8.1 8]
A23 = Fl 8] Fl 8] Fl SJ (443)
Fp5. F25. 2
Sk Sk 35k
Zaj=—ﬁ‘c}f € Zs, —‘—CLa Zs; ='—CLa€8
ASkxk 38xk qgk Xk
Ms; =3 cf es;, M =-7— CE & Mg, = CE e
Yy ] by % Iyy 5;
Fiﬁj , Fisj , i, defined in Eq. (4.35)
whcre k=H,V

The parameter €, denotes control effectiveness (00/08 ;), and other parameters are defined in
Section II-C. Nominal effectiveness values are estimated from handbook charts and are €5 = 0.6

and €5, = 1. Variation in effectiveness will be represented as
Aes, = (m-D)es, (4.44)

The corresponding state space parameter variation matrix AAgs is
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i
Z Zs. Z
ﬁA€5 iAE‘,& ﬁAi-:5
85‘! J ESJ ] eaj
Ms . M. My,
—ﬁAe —SJAS —SJAS
€ 0|5 YT 0
AA Flsj A Fls" A Flsj A
= £ €5.1=— A€
23 £5j 8 85j 8] Eﬁj 61
Ag Aes == Ae
&; © 0T, o0 € o
"J

Finally, the matrices M,, and A become
Mgy =—{sI-A33}71A, A=AAj;
Azy=Asz+ Ay {sI- AT} A+ Aly(sl- Ap)TlAy,
A3y =As{sT- A%y}l + A5 {sI- A 1A {sT— Ay}

Ajp=Aq+AisI- Ayl 1Ay, Al3=Ap3+AL{sI- Ay} Ay,
Ap=Ayn+Ay{sI-Ay)TA), Ap=Ay+Ay{sl-Al ) Al
Al =Aq-BKC Ajp=Ap-BKC, A13=A13-BKC;
Aj1= Ay ~ByKC, Ap=Ay-BKC, A23=A3-ByKC,
A3;=A3-B3KC, A3p=A3-B;KC, A33=As3-B3KC;

(4.45)

(4.46)

Fig. 102 shows the stability robustness characteristics against aerodynamic control

effectiveness variations for the elevator and vane. The scaling parameter m is again varied until the

minimum singular value indicates neutral stability. Results in Fig. 102 show the closed-loop

system remains stable for a 50% reduction (m = 0.5) and a 450% enlargement (m = 5.5) of the

effectiveness values. On the low-end, the relaxed stability mode migrates back to the right-half

plane (O rad/s) under the parameter variation. This trend can be expected since aerodynamic

control effectiveness directly impacts loop gain, and this right-half plane airframe mode requires a

minimum level of gain for stability. Fig. 102 also indicates pitch stability is compromised (1

rad/s). On the high-end, aeroelastic mode 1 moves to the right-half plane (9.5 rad/s). Variations in

this direction are also critical. The system is known to have stability problems when the pitch loop
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control bandwidth is set at excessively high values, and Fig. 102 agrees with this behavior.

Overall singular value levels are again small when compared with Figs. 98-99.
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Now consider the second type of acrodynamic parameter variation associated with lift curve
slope of the horizontal tail and vane. The vehicle-actuator state space model is partitioned as in Eq.
(4.29) with identical state variable assignments as in Eq. (4.39): Xy denotes the generalized
coordinate positions and x5 denotes the downward speed, pitch rate, and generalized coordinate
rates. Partitions A3y and A3 are functions of the lift curve slopes as shown in Eq. (4.40) where
C}ia denotes the lift curve slopes for the horizontal tail and vane surfaces. Other parameters are
defined in Section II-C. As in the internal mode shape analysis, functional dependency upon lift
curve slope in Eq. (4.40) is more complex when compared with an overall multiplying factor
structure, as in Eq. (4.35) or (4.43). To represent the variation, the parameter structure indicated
in Eq. (4.40) must be utilized. Appendix D provides an estimate for the nominal component lift

curve slope values: C{Ia = CXa =2.073 1/rad. Variation in lift curve slope is modeled as

K —m_ 1k
ACE = (m-1)Cf_ (4.47)
The corresponding state space parameter variation matrices AAjz, and AAz; are
‘ (
[AZT“ AZy - AZ, AZg AZ, AZ, -
AMp, My, AM,, AMy AM, | AM,
= AAs3 = |AF; AF, AF, AF 448
AAz, AFln]AFlnz 33 Ly 81 AF1, AP, (4.48)
AF AF, AF, AF, AF
n1 = 2ny 2w 2972 T,
: " : J
__a Sk \ck _ 3¢ Sk Xk , ok
AZw= vz (B~ ACL) A2q=7mvy (23 7 ACL,)
2 3% S, _ a5 Sic % X i p ok
AMW_I VT {E‘ S C Cic ACLa} AMq—ZInyT {%—2 S C x c ACLa}
_8 &5 K gSe Sk &
AZq;=1m (T3 aACE ) A2n;=2mvy (F25 TACLY
J388 v Skl Xk ok 2 8¢ v Sk X bk
AMT]I_ yy {% S T ék q)iACLa} AMT'II_2InyT {% 2 S ¢ Ck C ACLa}
85 oSk b, _ 8522 s Sk X O,
AF‘W—”‘iVT £33 kACLa} AF’q—z”’iVT{k ’3 T Cx AL
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wherek=H, V
Note perturbations in the control derivative terms due to lift curve slope variations have not been
considered here. Matrices My, and A are defined as in Eq. (4.33).

Fig. 103 shows the stability robustness characteristics against aerodynamic lift curve slope
variations for the horizontal tail and vane surfaces. The scaling parameter m is again varied until
the minimum singular value indicates neutral stability. Results in Fig. 103 show the closed-loop
system maintains stability over a 98% reduction (m = 0.024) and a 1,100% enlargement (m =
11.99) of the lift curve slope values. On the low-end, the relaxed stability mode migrates back to
the right-half plane (O rad/s) under the parameter variation. Note the pitch mode is near instability
also (1 rad/s). Horizontal tail lift curve slope contributes directly (through a moment arm) to pitch
damping (Mq) and pitch stiffness (M,,). The low-end variation subtracts from this contribution,
yet the pitch augmentatidn loop is able to compensate for a significant loss. On the high-end, a
similar trend occurs but the margin is much larger. This variation is in the noncritical direction and
adds to the airframe pitch stiffness and damping characteristics. Further investigation would be

ifequired to determine the instability mechanism occurring here. Overall magnitude values in Fig.

103 are again small.
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Tab. 19 summarizes the multivariable stability robustness characteristics of the proposed
inner loop control system given in Sections IV-A to IV-E. This table includes modified MIL-F-
87242 criteria, as well as gain and phase margins and parameter margins. The stability robustness
characteristics of the control system appear quite acceptable. Recall single-loop gain and phase
margins were incorporated into the system in a manner which included all significant coupling
effects (with the exception of propulsive-aeroelastic coupling). Further, the design strategy
avoided steps which would introduce heavy reliance upon model fidelity and associated
vulnerability to parameter model uncertainty. A notch filter was utilized in the aeroelastic
suppression loop. However, basic system stability did not relyvupon this equalization. If the
notch frequency was not properly matched to the airframe dynamics, stability characteristics revert
back to the inherent features of the collocated vane and rate gyro loop, which is of superior quality

(see Figs. 56-57). Therefore, the adequate multi-loop margins in Tab. 19 are expected, to some

extent.

Table 19. Summary Of Multivariable Stability Robustness
Robustness Metric Upper Lower

Margin Margin

Mod. MIL-F-87242 Gain @ Input v v
Mod. MIL-F-87242 Gain @ Output v ' v
Mod. MIL-F-87242 Phase @ Input v \
Mod. MIL-F-87242 Phase @ Output v v
Uniform Gain @ Input 14.3 (db) 4.3 (db)
Uniform Gain @ Qutput 14.3 (db) 4.3 (db)
Uniform Phase @ Input 106 (deg) | -44 (deg)
Uniform Phase @ Output ' 106 (deg) |-44 (deg)
Uniform Structural Damping Ratio oo (%) 52 (%)
Uniform Structural Natural Frequency 31 (%) 50 (%)
Uniform Structural Mode Shape - In & Out 167 () | 79 (%)
Uniform Structural Mode Shape - Internal 196 (%) 63 (%)
Uniform Aerodynamic Control Effectiveness |450 (%) 50 (%)
Uniform Aerodynamic Lift Curve Slope 1100 (%) | 98 (%)

V: Compliance with requirement satisfied.
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Performance
Flying Qualities Based On Equivalent System

Flying quality estimates given in Section IV-D are based on numerical data taken directly
from the full order model (excluding the prefilter). For example, full order transfer function root
locations were used to obtain short period natural frequency (0sp) and associated numerator time
constant (’cez) values. The control anticipation metric, in turn, was estimated from these values.
Even though aeroelastic motions and other dynamics are included in the design model, their
influence upon the predicted pilot ratings is not directly and fully accounted for. Since the criteria
do not encompass these effects, the aeroelastic modes and other dynamics (including the prefilter
elements) must be folded into the quasi-conventional airframe transfer function parameters utilized
in the flying quality predictions. Therefore, a refined handling qualities analysis based on
equivalent system concepts is considered next. However, a formal parameter optimization model
fitting procedure is not considered in this analysis. Here, conventional model reduction
techniques26 will be utilized.

Suppose the overall closed-loop state space system (including P,(s) in Fig. 54) in physical

coordinates is
X=Ax+ BYZC

y=Cx+ Dyzc (4.49)

By performing an eigen decomposition for A, the model in Eq. (4.49) can be transformed to modal

coordinates (x = Tx), or
X=Ax+B,,
y=Cx+D5,,
A=TIAT B=T'B
C=CT D=D

(4.50)

Consider partitioning the state vector x into three components where x, represents the two modal
states corresponding to the oscillatory pitch mode. Modes with frequency content below the pitch

mode will be denoted by x; and higher frequency modes are represented by x3.
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k| = 0 Ay 0 ||| +|B|T2, (4.51)
13 0 0 A5|l% By
48| 5
y=[C1QC3] x|+ DIy
A3

Truncation of the x; states and residualization of the x3 states leads to the reduced order model

below.
= A+ B2,
y=Gx+ D>,
A=Ay B.=3,
G=G D, = D~ ;73383

Recall handling quality predictions given in Section IV-D were based on the 1,850 in

(4.52)

station. This station provided an average assessment of the pitch dynamics by lying near the mid
fuselage point, and allowed direct comparison with Ref. 13 results. In this section, the order
reduction steps listed in Egs. (4.4?)-(4.52) are applied to the q400/§'12c input-output pair. With this
noted change, handling quality predictions will now be based on the resident pitch dynamics
imbedded within the manual control loop. This station difference should be noted when comparing
results in this section to results in Tab. 15.

After applying the above steps, the resulting low order transfer function is

Q400 —0.18(s+1.8)(s4.9)
Yo, (5+0.622] 097) rad/s/rad (4.53)

This transfer function is proper (not strictly proper) and thus is not in the appropriate low order
form.1,2 The indicated structure is an inherent consequence of the direct feedthrough matrix
generated by the reduction technique. The higher frequency dynamics have been approximated by
a steady residual effect in the reduced order dynamics. Even though the original feedthrough
matrix is zero (D = D= 0), the reduced feedthrough matrix is nonzero (D, # 0) due to the residual
term C; 43371 B3 appearing in Eq. (4.52). This lack of a strictly proper transfer structure in Eq.

(4.52) turns out to be beneficial for estimating an irrational effective time delay parameter from the
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rational polynomial structure. As frequency increases, the pﬁase angle corresponding to the
numerator factor s-4.9 varies from -180 to -270 deg, and will be interpreted as pure phase loss
(effective time delay) resulting from the higher frequency dynamics. By equating phase loss at 5
rad/s (the recommended cutoff frequency for the equivalent system from Ref. 2), and by

preserving gain at O rad/s, the low order model in appropriate form is

4400 _ 0.18x4.9(s+1.8)e~0.16s
yzc T (s+0.62+j0.97)

rad/s/rad (4.54)

Fig. 104 shows the frequency response comparison between the high order and low order
models in the 0.1 to 10 rad/s region. The low order model reflects the gross behavior contained in
the high order model and provides an adequate overall match to these characteristics. As expected,
the largest mismatch occurs at the higher frequencies where the low order model structure can not
fully represent the various modes existing in this region. The magnitude response has a bias error
across the entire frequency spectrum, while the phase response has a bias in slope at the higher
frequencies. The payoff value is 89 when computed between the frequencies of 0.5 and 5 rad/s.
The phase response mismatch in the 2-5 rad/s region could be easily removed by increasing the
time delay parameter in Eq. (4.54). Doubling the value of this low order model parameter would
lead to significantly lower payoff values. However, flying quality estimates generated from such a
model, and based on equivalent time delay, would be unfairly skewed towards poor ratings
because other low order model parameters were fixed during this time delay parameter adjustment.
In contrast to a quasi-parameter optimization fit, analysis here will relyﬁupon the physical
mechanisms inherent in the the high order model, and their mapping into the low order model via
the reduction process, to ascertain parameters used to'predict handling qualities. These parameters
are precisely those indicated in Eq. (4.54). Fig. 105 shows the inherent accuracy in these
parameters when the low order frequency responses are uniformly scaled across the frequency
spectrum to yield a minimum payoff value (scaling equal to mei®, m = 0.9, 6 = -9 deg). The

payoff value here is 37.

205



i il 1

Tab. 20 summarizes the predicted flying qualities for the overall closed-loop system
(including the prefilter) based on the low order approximation to the 400 in pitch rate dynamics.
Tab. 20 includes all metrics considered in Tab. 15, as well as equivalent time delay (t,). Short
period frequency and damping meet Level 1 requirements. However, control anticipation only
satisfies the Level 2 requirement and omega-tau falls just short of the Level 2 boundary. Under the
validity of Fig. 105, Tab. 20 indicates equivalent time delay satisfies the Level 2 requirement and is
close to the Level 1 boundary.

Note the effect from the lead-lag prefilter element in Eq. (4.16) on the 1/1g, zero in Eq.
(4.54) with respect to the full order model value (1.8 vs. 2 1/s). Elimination of the lower and
higher frequency modes through the order reduction process also influences the low order 1/1g,
zero location to some extent. This smaller value for 1/7g, increases the CAP and 04,7, metrics in
Tab. 20 relative to Tab. 15. However, the improvement is not enough to cross the Level 1
boundary. Additional lead behavior in the prefilter can be utilized to address this deficiency with a
tradeoff of distorting the small amplitude transients noted in the acceleration response in Fig. 76.
Another important prefilter effect to note is the relationship between the equivalent time delay in
Tab. 20 and the prefilter low pass break point in Eq. (4.16). As noted in Section IV-E, adjustment

of the break point from 30 to 10 1/s will significantly reduce the acceleration transients in Fig. 76.

‘However, the equivalent time delay is very sensitive to this prefilter parameter and will more than

double in value under the indicated change.

Under the caveat that criteria in Tab. 20 have not been fully validated for highly flexible
vehicles like HSCT, and that efforts here are to explore feasibility of inner loop control
architectures and provide first-order estimates of associated handling characteristics, Tab. 20
indicates the low-risk, low-gain closed-loop airframe system has Level 2 dynamics. Basic modal
characteristics (W, Csp) are well above adequate values, but other characteristics such as pitch-
flight path response harmony and initial response delay (CAP, 7.) are only adequate and may
require objectionable piloting work load over sustained periods. As discussed in Section IV-D, the

feedback gains for this system are kept intentionally low to reduce residual structural vibration
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transients. If a more aggressive posture is considered in the aerdelastic suppression loop and
crossfeed path, or if pilot tolerance to vibrational transients is higher than levels assumed in this
design, then pitch augmentation can be increased further. Basic Evans and Bode features show
that increased pitch augmentation will easily boost CAP to the Level 1 region without
compromising hard stability margin requirements. The concern is how much risk should be taken
in aeroelastic control augmentation, what are the demands on actuation hardware performance,
how applicable are existing flying quality criteria to flexible vehicles, and where do the boundaries

between poor, adequate and good flying qualities actually lie.

Table 20. Estimated Flying Qualities Summary Of 400 in
Closed-Loop Pitch Rate Dynamics With Prefilter
Metric Level 1 Level 2 {unit) Design
Ogp 20.7 20.4 (rad/s) 1.15
[Csp 20.35 20.25 (-) 0.54
CAP 20.16 20.05 (1&52) 0.09
©epTe2 21.3 >0.75 (-) 0.63
A 20.15 <0.23 (s) 0.16
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Performance
Gust Ride Discomfort

Ride quality associated with the closed-loop airframe system presented in Sections IV-A to
IV-E will be evaluated with the gust ride discomfort index.2 This integral frequency response
criteria reflects the amount and severity of passenger or crew exposure to vertical acceleration
transients during atmospheric gust excitation. The criteria provides emphasis in critical regions

where biodynamic sensitivity to transients is high. The ride discomfort index (Ogp) is computed

as
ORrD = KrDOwg Q)
Kgp = { f ) Kpp(®) do} /2 (1/ fus)
0
Kep(@) = Trp(@)1? IG3S (@) @y (@) (s/ £t2/s?) (4.55)
(s2+4s+42) .
Tro(®) = 1132 a5 )469.9y ° S~ 1vem  (17g)
GaG ()= ;é?(s)) , 5= jo (g/ft/s)
o ()= (©) L 1%(1.339%.)2 (s)
G - GWG - TCVT {1+(1.339Lv(—?)2}11/6

In the above expressions, Gg"g ; (s) denotes the closed-loop transfer function between vertical
acceleration at fuselage station x and vertical gust speed wg. The gust velocity power spectral
density @, G (®) is modeled with the von Karman spectrum and the superscript " * " denotes a
normalized spectrum with respect to gust intensity Cwg: Tgrp(s) represents a biodynamic response
of the human and plays the role of a weighting filter to emphasize critical frequency regions
associated with ride discomfort. The independent frequency variable ® should have units of rad/s
in the above equations. Note the index can be scaled with turbulence intensity and Kgrp denotes
the proportionality value.

Ref. 2 provides some guidance on acceptable values for the ride discomfort index. For a

turbulence intensity of Owg = 3.65 ft/s, the quality of ride is judged acceptable if ogp < 0.28 for
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exposure periods of 0.5 hr or less and ogp < 0.2 for exposureﬂpériods between 0.5 and 1.5 hr.
Tab. 21 shows the proportionality constant and ride discomfort index (for G, G~ 3.65 ft/s)
computed at four representative fuselage stations throughout the vehicle. The estimated ride quality
appears to at adequate levels. Ride quality at three of the four fuselage stations are below the short
duration requirement with only a small violation of the long duration requirement at the 1,850 in
station. Ride of lesser quality at a mid-fuselage station, relative to an extreme fore or aft station,
initially appears counter intuitive. Recall, however, the vane-tail configuration provides high
control leverage at the fore and aft extremities, and indirectly controls mid-fuselage stations
through structural compliance. Even indirect control provides adequate ride quality, in this case.
Fig. 106 shows the frequency distribution, and component distribution, for the argument
Krp() of the integral criterion at the 400 in station. The closed-loop airframe trace demonstrates
that, even though aeroelastic resonances are well attenuated in the stick command path, the same
resonances are vulnerable to high bandwidth turbulence excitations. Note the vane loop damping
effect on the 8-20 rad/s modes (rounded peaks), while the higher frequency modes beyond 20
rad/s are still lightly damped (sharp peaks). Note the biodynamic weighting trace can
amplify/deamplify individual modes. Fortunately, the trial gust spectrum (O'WG =3.65ft/s, L =
2,500 ft) does not have sufficient energy content to strongly excite the structural resonances. With
the aeroelastic region attenuated 30 db relative to the low frequency overall trace, ride quality
performance is influenced primarily by rigid motion characteristics. For other intensity and scale‘

height combinations, however, the ride quality could degrade due to aeroelastic effects.

Table 21. Estimated Ride Quality Of Closed-Loop Airframe
Fuselage Station (in) |Kgp (1/ ft/s) Orp (-)
400 0.0525 0.192
1,850 0.0813 0.297
2,500 0.0445 0.162
3,460 0.0468 0.171

Owg = 3.65 ft/s, L = 2,500 ft
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Comments On Reference 25

Ref. 25 conducted an evaluation of a preliminary controller based on the high gain option
(Eq. (4.11) ) for the aeroelastic suppression loop. The evaluation emphasized robust stability and
performance characteristics based on singular value criteria. The evaluation provided some insight
into the strengths and weaknesses of such a controller and considerable descriptive comments were
given. In addition, a modified controller was considered to circumvent noted weaknesses in the
original controller. Several comments on this evaluation and the modified controller are in order.
Note the recommended control law offered in this report does not rely on this high gain option.

Ref. 25 claims a significant weakness of the preliminary controller is high bandwidth in the
aeroelastic suppression loop and associated requirements for high performance actuation hardware.

From Ref. 25, one reads

"... Second, the aeroelastic suppression loop is a very high-bandwidth loop ... is a
questionable solution as it amplifies noise and will almost certainly lead to actuator

rate saturation ..."

Section IV-B of this report discusses this issue and the risk involved with such a strategy.
Equalization of the type in Eq. (4.11) will, without a doubt, place heavy demands on actuator
performance. Never the less, high bandwidth in this loop may still be necessary to allow sufficient
pitch augmentation bandwidth for Level 1 flying qualities, and to control higher frequency
vibrational motion excited by gusts. If such a loop were implemented, and if the hardware could
not deliver the demanded performance, the loop, in some sense, would tend to revert back to the
collocated static compensation characteristics, which are quite good (see Figs. 56-5_7). The
recommended control law in this report takes a less aggressive stance in the mode suppression loop
and the consequence is handling qualities do not quite reach Level 1 ratings.

Ref. 25 also claims another significant drawback of the preliminary controller is insufficient
high frequency roll off in the aeroelastic suppression loop and associated stability robustness.

From Ref. 25, one also reads
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" Third, there is a more fundamental problem with the aeroelastic suppression
loop. It never rolls off! Rather, it relies on phase stabilization ... Ultimately, the

loop must roll off and be gain stabilized ..."

This statement suggests the authors of Ref. 25 do not fully appreciate the benefits afforded by the
Wykes structural mode control paradigm. Collocation provides phase stable behavior and lessens
the need for "artificial” controller attenuation. Reliance on "natural” airframe-actuator attenuation
characteristics is satisfactory. Refs. 15 and 27 provide strong supporting evidence. The B-1
SMCS loop utilizes acceleration feedback with a 10/(s+10) roll off filter. However, the purpose of
this filter is to provide approximate integration to achieve a rate signal for damping purposes. Pitch
rate feedback with no roll off filter provides an equivalent system.

Finally, Ref. 25 claims two other drawbacks of the preliminary controller are 1) lack of
angle of attack feedback and associated inability to stabilize the phugoid mode, and 2) insufficient

low frequency gain to provide good stick command tracking. Ref. 25 states

»... First, the pitch augmentation loop uses only pitch-rate feedback for control.
Thus, it cannot stabilize the phugoid mode ... it lacks sufficient gain at low
frequency to ensure good command tracking for stick inputs. It could benefit from

some angle of attack feedback ..."

This statement also suggests the authors of Ref. 25 do not fully appreciate the benefits of the
"superaugmented pitch loop”.28:29 At the flight condition under study, the HSCT airframe does
not have a traditional phugoid mode. The aircraft is statically unstable with one stable oscillatory
mode (i.e., the "third oscillatory mode") and two aperiodic modes, one stable the other unstable.
Pitch rate feedback stabilizes the right-half plane pole by driving it into the 1/1:9] zero, the left-half
plane pole is driven into the 1/7g, zero, and the third oscillatory mode becomes the dominant pitch
mode. All this is achieved without relying upon aerodynamic-based feedbacks which depend on
airdata system calibration and are susceptible to atmospheric disturbances. Ref. 28 provides strong

supporting evidence.
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Ref. 25 provides a modified controller whose stated objectives are to address only mode 1

and attenuate all others. From Ref. 25, one reads

"... One simple modification to the aeroelastic suppression loop is to phase stabilize
only the first mode and gain stabilize remaining modes ... It employs a lag-lead

compensator (rather than lead-lag) ..."

Such an objective, for the HSCT airframe model in this report, is naive in many respects.
Airframe dynamic characteristics indicate neighboring modes (mode 2, 3, 6 and 7, for example) are
significant contributors to the vibrational transients. An inner loop control system that does not
address these additional modes will most likely have poor characteristics. For example, consider
the 400 in pitch rate response associated with the modified controller in Fig. 3-19, Ref. 25. The
response shows considerable frequency content (15 to 25 rad/s) even after 2 s of motion. These
transients will be even more severe when gust excitations are considered and no feedforward action
is available to counter the gusts. Insertion of lag into the aeroelastic suppression loop spoils
inherent collocated phase behavior. Analysis shows that lag severely restricts the usable gain in
this loop (see Eq. (4.10), Figs. 58-59 and the associated discussion), and in the end mode 1 can
not even be sufficiently damped. Even the controller in this report suffers from such effects
because it does not employ the aggressive, high bandwidth strategy. However, the controller
recommended in this report is of higher bandwidth, and addresses more modes, than the modified
controller offered in Ref. 25. 7

To summarize, the preliminary controller evaluated by Honeywell staff and reported on in
Ref. 25 is on the aggressive, high risk end of the spectrum. Such a controller utilizes high
bandwidth and high gain, and will require high performance from actuation hardware. The
modified controller offered by Honeywell staff (also in Ref. 25) is on the passive, low risk end of
the spectrum. This controller is low bandwidth and low gain, by nature, and does not tax current

actuation technologies. The recommended control law offered in this report lies between these two

€Xtremes.

215



Co

Section V

Forward Vane Sizing Requirements

A. Sizing Strategy Formulation

The inner loop flight control architecture presented in Section IV provides a highly
attractive solution for the HSCT airframe. A most critical step in this development is the
introduction of a secondary control surface. The additional acrodynamic surface facilitates
dedicated control loops focused on structural mode suppression and pitch augmentation, and
allows formidable design constraints to be realistically approached. All analysis and synthesis
results presented in Section IV are based on the specific vane model documented in Section II-C.
This vane model is a "first cut” design based on similarities with other high-speed elastic vehicle
geometries (i.e., B-1 and XB-70). This vane model facilitated rapid entry into closed-loop design
investigations. However, the vane may be undersized, or oversized, based on such a preliminary
model. To address this concern, a vane sizing analysis is provided in this section.

At the most basic level, vane sizing decomposes into specification of the mounting location
along the fuselage and the planform surface area. The airframe mechanics and the functional role
the vane is targeted to fulfill dictate where desirable mounting locations exist. For a freely
constrained elastic body, the characteristic deflection shapes are maximal at body appendage
extremities. For the HSCT fuselage, modal data in Fig. 28 confirms this behavior. Fuselage
stations associated with large mode shape deflections include well forward and well aft stations.
Assuming the primary role of the vane is to provide mode suppression, the mounting location
should be well forward to maximize control leverage, yet should not compromise practical
considerations like pilot visibility and internal volume availability. A mounting location of 400 in
appears to satisfy all these requirements. Therefore, the vane sizing issue boils down to one of

specifying planform surface area.
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Figure 107. Vane Surface Area Upper And Lower Bounds

Upper and lower bounds, arising from natural design constraints, will influence and
ultimately determine the vane surface area requirements. Fig. 107 portrays these bounding
limitations. The forward vane will influence static vehicle performance characteristics in numerous
ways. Range is one important metric that can be used to illustrate these characteristics. To first
order, the Breguet range formula30 for turbofan systems during cruise indicates how aerodynamic,

structural and propulsive characteristics contribute to range R, or

S S|

In Eq. (5.1), C1/Cp denotes the vehicle lift to drag ratio, { denotes the vehicle mass fraction (fuel
mass divided by initial total mass) and ¢ denotes the vehicle thrust specific fuel consumption.
Although the vane will add increments to the overall vehicle lift and drag coefficients, the most
important aerodynamic influence will most likely be disruption of airflow quality over the main
wing. Vortical and downwash impingement on the main wing will degrade the overall lift to drag
ratio. In a similar fashion, the flow quality at the propulsion inlets may deteriorate, resulting in
reduced propulsive efficiency. Finally, the vane and carry through support structure will decrease
the mass fraction. In each case, the range suffers incremental effects, according to Eq. (5.1), and

may threaten the vehicle concept viability. Therefore, an upper bound on the vane surface area
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naturally arises to limit these performance drops. For such an important issue, nonlinear
simulation encompassing all mission flight phases would ultimately be required to obtain accurate
estimates. Performance analysis calculations lie outside the scope of this study.

Control power, on the other hand, ultimately sets the lower bound on the vane surface area.
Sufficient area is required to maintain vane deflections within acceptable levels during normal and
possibly extreme flight conditions. If the surface area is too small, large vane travel will be
required to generate the necessary control forces for mode suppression. Excessive vane travel can
lead to the presence of nonlinear behavior associated with off-center hydraulic ram positioning and
hard stops, as well as separated flow from the vane leading edge. Additionally, these deflections
can lead to large vane-fuselage wall gaps and associated nonlinear aerodynamic flow phenomena.
Avoidance of operation in these nonlinear regions is highly desirable. If static vehicle performance
is paramount to concept viability, the vane would tend to be sized by the lower bound as shown in
Fig. 107. In this figure, surface area is selected to just satisfy control power requirements with
minimal performance decrements. Estimation of the lower bound is an issue easily addressed in
this analysis.

A closed-loop simulation strategy will be utilized to estimate this lower bound for the vane
~ surface area. Fig. 108 summarizes this sizing strategy. The closed-loop system described in

Section IV will be excited by various maneuver commands and atmospheric gusts. Vane travel and
rate activity will be recorded during the motion transients resulting from such excitations. From
each vane response, maximal travel and rate values will be extracted. By contrasting these peak
values with design limits on vane travel and vane rate, the lower bound for the vane surface area
can be "reverse er.mgineered" from the data. Balancing the vertical load on the baseline vane model
‘with a redesigned vane playing the role of the actual hardware provides the mathematical
framework. In Fig. 108, the symbol "' " denotes a variable associated with the redesigned model.
Under the modeling assumption of linear, quasi-static air flow, and assuming the only angle of

attack source is vane control deflection, consider balancing these loads at the peak travel.
ngCEGSV max=F = F = q'S'VCE(;S'V max (5.2)
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Solving for 3y leads to

CL, 8
4 “ta Ovmax g, (5.3)

Eq. (5.3) provides the fundamental relationship for backing out the surface area lower
bound given appropriate input data. The redesigned surface area plays the role of the lower bound.
The ratios of dynamic pressure, lift curve slope and peak vane travel, between the baseline model
and the redesigned model, scale the base line area into the redesigned area. Large values for peak
vane travel from the baseline simulation, relative to the tra‘wel design limit, indicate insufficient
surface area and would require enlargement to keep vane operations within acceptable regions. On
the other hand, smaller values for this vane travel ratio imply the baseline vane model is grossly
oversized with ample control power and could be reduced to lessen the impacts on static vehicle
performance (see Fig. 107). By taking the derivative of Eq. (5.2) with respect to time, surface

area based on vane rate activity can also be estimated.

, C
Sy =3 Lo vmar g (5.4)

For all computations in this report, CXa = CE(; and q=q are enforced, but if refined analytical
modeling data, or test data, for the lifting or dynamic pressure behavior were to become available,

they could be incorporated into Eq. (5.3)-(5.4).

220



B. Closed-Loop Simulation Results

Excitation inputs for the simulation runs consist of both maneuver commands and vertical
atmospheric gusts. These test inputs should exercise vane motion to a sufficient level, and should
represent realistic applications. Three maneuver commands and three atmospheric gusts are
considered. The maneuver command inputs consist of a step, sinusoid and square wave applied at
the stick input ¥, in Fig. 54. For this system, recall stick inputs command pitch rate. The step
input represents a hard nose up or nose down maneuver such as would be executed during go
around or for high angle of attack recovery, while the sinusoid input represents some type of
tracking task. The square wave inpﬁt is intended to portray an unexpected adverse pilot-aircraft
coupling exchange. The first cycle of this square wave input is a doublet and could also represent
a mid-air collision avoidance maneuver. Atmospheric gust inputs consist of a step, sinusoid and
turbulence applied at the signal wg in Fig. 54. Vertical shear or a periodic thermal updraft are
modeled by the step and sinusoid inputs. Turbulence mimics random local atmospheric motions.

These six test inputs are listed in Eq. (5.5).

§2,0=A (step) (5.5
or o
= A sin (mt) (sinusoid)
or
A fornT<t <(n+%)T
= 1 n=0,1,2, ... (square wave)
-A for (n+§)T£ t<(n+1)T
wg()=A ‘ (step)
or
= A sin (ot) (sinusoid)
or
= see Eqs. (2.9)-(2.10) (turbulence)

For the deterministic inputs, unit amplitudes (A =1deg/s or 1 ft/s) are used in the simulation, but it
should be noted that results can be scaled with input amplitude. The fundamental frequency
content of the periodic deterministic inputs is tuned to match the pitch mode natural frequency (o =

Irad/s or T = 2rs). The stochastic input is generated by white noise excitation of the approximate
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‘von Karman turbulence model described in Section II-A and Appendix C. This filter has unit

standard deviation gust amplitude (Gw g = 1 ft/s) and is driven by normally distributed random
numbers that have unit standard deviation (6, = 1 s-1/2). The discrete simulation utilized in this
sizing study can not reproduce continuous time, pure white noise to sufficient accuracy.
Therefore, the von Karman filter amplitude was adjusted with a multiplying factor of vr/dt where
dt denotes the simulation time step (dt = 0.01 s). Appendix E in Ref. 31 provides a concise
description and justification for this multiplying factor. At the most basic level, simulation output
from the von Karman filter with Gy, = 1 ft/s and with 6, =1 s-1/2 does not result in standard
deviation values near 1 ft/s when computed from the raw data, and the extra factor corrects for the
bias value.

Figs. 109-114 show the detail simulation results for each of the six excitation cases. These
figures show responses for the input, pitch rate and vertical acceleration at 400 in, elevator
deflection and rate, and vane deflection and rate. The peak travel and rate values are indicated on
the vane response plots. Elevator and other variable responses are included for completeness. If
comparisons are made between peak elevator and vane responses, one should recall the control
architecture form Section [V does not utilize stabilator input.

In each maneuver command case (Figs. 109-111), the vehicle is able to follow the
command and execute the maneuver quite well. Note the pitch rate and acceleration responses in
Fig. 109 are identical to that in Figs. 75-76. As seen from Fig. 111, the vane response frequency
content is primarily concentrated at 1 rad/s (command signal and rigid pitch) and 8 rad/s (mode 1),
with small amounts at higher frequency (other structural modes). As expected, the prefilter and
pitch loop attenuate the high frequency content in the excitation signal and very little reaches the
structural modes. Some energy at the lower frequency modes gets through and the vane, through
the crossfeed path and suppression loop, responds to damp the motion. Note the peak vane

motion is coincident with the command signal reversal, rather than during a transient excursion

lagging the command change.
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The peak vane travel for the sinusoid input (5.3 deg) is almost double that for the step input
(3.3 deg). However, when considering peak vane rate, this behavior is reversed, the step input
leads to nearly double rate activity when contrasted with that from the sinusoid input (9.2 vs. 5.1
deg/s). Also, note the square wave peak vane travel and rate values are three and two times larger,
respectively, compared against the step input values (9.3 vs. 3.3 deg and 18.7 vs. 9.2 deg/s). The
Square wave command, based on the observed vane motion, appears to be the most severe
command of the three.

Response characteristics due to atmospheric gust inputs (Figs. 112-114) appear both
similar and different to the maneuver command features. Note for a step gust input (Fig. 112), the
control system still maintains pitch rate to the commanded value (zero) in the steady state, and
vertical acceleration steady state is a nonzero constant value. This long term behavior is similar to
characteristics shown in Fig. 109, however, the transient motion lying between the initial and
steady conditions is fundamentally different. The gust excitation impacts the airframe directly and
before the vane damping loop has an opportunity to counter the input. The vehicle motion and
vane responses show significantly more high frequency activity than in Figs. 109-111. The only
vibratory disturbance rejection capability the control architecture of Fi g. 54 offers is damping of the
structural modes once they are excited. Note the vibrations are significantly damped after
approximately 2 s, regardless of this "indirect" approach. Exotic disturbance rejection schemes
making use of forward looking laser-based sensors32 would provide alternative approaches. |

For a unit amplitude, the sinusoid gust appears to have the most benign vane response of
the three cases. Assuming peak values for the stochastic gust are interpreted as "three sigma"
values, the step and turbulence gust inputs lead to similar peak vane activity (0.43 vs. 0.45 deg and
12.1 vs. 9.9 deg/s). The step and turbulence inputs appear to be the most severe, based on
resulting vane motion. Also in Figs. 112-114, the peak vane activity tends to occur during a
transient following the initial disturbance initiation. This behavior is fundamentally different when
compared to the behavior with command maneuver inputs, and is due to the indirect disturbance

rejection control scheme discussed above. The structural vibrations lead the initial control action.
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C. Discussion of Sizing Results

Tab. 22 summarizes the peak vane activity for all six test cases, and the surface area lower
bound necessary to keep vane motion within design limits. These lower bounds are computed
from Egs. (5.3)-(5.4) with travel and rate design limit values of S'V max = 20 deg and S'V max =
100 deg/s. Recall these numbers represent the operational range the vane is to be maintained
within, not the absolute travel and rate limits which may be substantially higher. The calculations
in Tab. 22 are based on a nominal surface area of 177.5 ft2. For example, consider the lower

bound calculation for the square wave excitation due to travel activity.

' 9.3 deg
Sy = 177.5 ft2 5.6
v ()()(ZOdeg)( ) (5.6)
= 83 ft2
Table 22. Vane Sizing Resdltsv For Unit Excitations
Excitation Case 8v max SVmax SV for 8y rax S'V for SVmax
(deg) (deg/s) | (ft2) (££2)

Man. Command - Step 3.3 9.2 29 16

Man. Command - Sinusoid 5.3 5.1 47 9

Man. Command - Sg. Wave 9.3 18.7 83 33

Atmos. Gust - Step 0.43 12.1 4 21

Atmos. Gust - Sinusoid 0.11 0.44 1 1

Atmos. Gust - Turbulence [0.45 9.9 4 18

Sy = 177.5 ft2, 8y max = 20 deg, 8y max = 100 deg/s

From the data in Tab. 22, and based on "unit" excitations for all test cases, the largest
required surface area to keep the vane within the design envelope is 83 ft2. The associated motion
and excitation type are vane travel and square wave maneuver command. This particular case
dominates the lower bound estimation. Comparison of the lower bound and baseline value sizing
results (83 vs. 177.5 t2) suggests the baseline vane model is oversized by a factor of 2.1 and
could be reduced in size.

The lower bound data presented in Tab. 22 is somewhat abstract since it is based on "unit"

excitations, and has not been calibrated to specific aggressive maneuvers or high gusts. To
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calibrate the loading for the maneuver cases, consider the pitch acceleration requirements given in
Ref. 2. Pitch acceleration requirements for go around and high angle of attack recovery can both
be satisfied by a value of 4 deg/s2. Using the initial slope of the pitch rate step command response
(0.67 deg/s?), the input amplitude should be scaled by a factor of 6 in order to obtain an initial
pitch acceleration of 4 deg/s2. This scaling of 6 is applied uniformly to all maneuver command
input amplitudes. Now to calibrate the gust cases. Vertical drafts associated with moderate
weather events can reach standard deviation values of 3 to 4 ft/s, which corresponds to gust levels
considered for the ride discomfort index calculations in Section IV-F. Therefore, gust step and
sinusoid amplitudes are scaled by a factor of 3x3.5 and the turbulence standard deviation is scaled
by a factor of 3.5. These calibrations lead to significant airframe loading, but not the rare high load
case which occurs once in the airframe life cycle.

Tab. 23 summarizes the peak vane activity under the calibrated excitations and the
corresponding lower bounds on surface area to keep vane motions within acceptable design limits.
The values in Tab. 23 are obtained from the data in Tab. 22 by the scaling values just prescribed.
From Tab. 23, the lower bound on surface area is 495 ft2. Note the square wave command
excitation is the critical loading case. This case leads to high vane travel and sets the lower bound
on surface area. Also note vertical wind shear (gust step) has a significant impact on vane rate
activity, even though it is not the most severe loading case. The results from this study indicate the
baseline vane is most likely oversized for common maneuver and gust inputs. However, for large
command and gust inputs, the baseline vane surface area will likely result in excursions outside the
travel and rate design boundaries, but only for brief periods of time as indicated by Figs. 111-112.
This conclusion is drawn under the specified actuation design limits of 20 deg and 100 deg/s, and
the validity of the closed-loop simulation sizing strategy. With the data given in this section,
readers can scale the inputs to additional cases and determine the vane excursions and necessary

planform area and/or vane motion design limits.
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Table 23. Vane Sizing Results For Calibrated Exéitatidns
Excitation Case SVnmx SVnmx Sbfbr5Vnmx gbbeSVnmx
(deg) (deg/s) (££2) (££2)
Man. Command - Step 19.8 55.2 176 98
Man. Command - Sinusoid 31.8 30.6 282 54
Man. Command - Sg. Wave 55.8 112.2 495 199
Atmos. Gust - Step 4.5 127.1 40 226
Atmos. Gust - Sinusoid 1.2 4.6 11 8
Atmos. Gust - Turbulence 1.6 34.7 14 62

Sy =177.5t2, 8y yax = 20 deg, &y max = 100 degs,
Scale factor of 6 (all man. com.), 10.5 (atm. gust - step & sinusoid), and 3.5 (atm. gust - turb.)

Due to the observed large vane travel in the square wave command case, one additional
sizing study was considered. This study addressed the sensitivity of peak vane travel to crossfeed
gain k¢ in Eq. (4.13). Reconsider the unit square wave command results in Fig. 111 and Tab. 22.
These results correspond to a gain value of k¢ = -0.25 rad/s/rad. Fig. 115 shows the response
behavior when this gain is zeroed out (k s = O rad/s/rad). In this case, note the peak vane travel is
5.4 deg. When compared with the nominal crossfeed gain case, this new vane travel is
considerably less (5.4 vs. 9.3 deg) indicating high sensitivity. The vane motion is nearly halved
when the crossfeed path is deleted from the control architecture. However, note the initial 400 in
pitch rate response behavior. Initial response reversal is present in the crew station motions and is
unacceptable. Thus, a significant trade may exist when sizing the vane and tuning the crossfeed
gain: for crew station flying qualities, ample use of crossfeed gain and vane area will eliminate
response reversal, while for static vehicle performance, small utilization of crossfeed gain and

surface area will lessen main wing/inlet flow impingement effects.
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Section VI

Conclusions and Recommendations

One major conclusion drawn from the contract activities is that control architectures based
on aft tail only are not well suited for highly flexible, high-speed vehicles such as the HSCT. This
conclusion was formulated in Ref. 13, and further analysis in this report supports this important
conclusion. The studies performed in Ref. 13 were based on an early dynamic model of the Ref.
H HSCT. Analysis here has shown the early model provides an accurate representation of
airframe characteristics exhibited in more recently generated models containing refined data. If the
single-loop control studies were revisited with the newer models, results would not significantly
change. Therefore, the model correlation findings provide further support and justification for this
claim of architectural infeasiblity. Additional control studies discussed below also provide
additional support for this conclusion. The implication from this conclusion is that configuration
redesign, possibly addressing control surface alternatives or additional structural stiffening,
appears necessary to relax unrealistic and unachievable control design constraints.

' Another conclusion that can be formulated from the contract findings cbncems the
theoretical underpinnings of the original Wykes structural mode control logic utilizing feedback
signal differencing schemes. This control logic is based on several assumptions concerning the
vehicle dynanljc; characteristics, and if not satisfied, the control logic can break down leading to
mode destabilization. These assumptions include vehicle characteristics that lie below upper limits
on structural deflections associated with higher frequency modes and aerodynamic coupling
phenomena between these modes, so as not to distort collocated transfer function pole-zero
distribution patterns along the imaginary axis. The Ref. H HSCT predicted airframe characteristics
violate these basic assumptions. The airframe is modally dense with many significant modes
involving the main wing and aft tail surfaces. Further, the dynamic airflow that is present over

these surfaces introduces considerable aerodynamic-structural coupling mechanisms between these
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modes. Application of the Wykes logic to the HSCT model resulted in destabilizations due to
violation of the fundamental assumptions. These new results also strongly support the conclusion
drawn above concerning aft tail only control architectures. In spite of this conclusion, a simplified
Wykes controller, based on a nondifferenced feedback signal and appropriately located along the
fuselage, provided a feasible mode stabilization loop that is discussed below.

The main conclusion arising out of the contractual efforts concerns the development of a
two-loop control architecture that utilizes small forward vanes with the aft tail. This multivariable
architecture provides a highly attractive and feasible solution to the longitudinal axis control
chéllerigés. Pitch augmentation and aeroelastic suppression can be significantly and harmoniously
Jeveraged with a low order, adjustable and implementable architecture. Depending on the severity
of airframe dynamic characteristics, the available actuation technology, the design model fidelity,
and the aggressiveness of the control augmentation, the vane-tail architecture can provide high
levels of stability and performance, robustness, and flying/ride qualities. For the Ref. H HSCT
model, and under a conservative design posture, a candidate design is given and is predicted to
possess high levels of stability with Level 2 flying qualities. Level 1 flying qualities appear within
reach, possibly by trading excess stability margins for improved flying qualities (if only the flying
quality boundaries were defined), or by possibly taking more risk in the mode suppression control
paths. The importance of this finding is that many of the critical flight dynamics issues resulting
from concept viability design constraints, such as aeroelastic contamination of responses due to
minimization of structural weight for expanded range/payload and associated economic profit, can
be realistically addressed with a "minor" configuration redesign that incorporates forward vanes.

A final conclusion is that the baseline vane model utilized in this report is most likely

oversized. The baseline surface area, under normal loading conditions associated with command

* maneuvering or atmospheric gusts, leads to low travel and rate activity, relative to specified design -

limits. Such behavior implies the vane is oversized and could be reduced in surface area until the
design limits are more closely approached. The implication here is that under most flight

conditions, available vane leverage would be maximized. However, for large excitations that occur

242



infrequently, the baseline vane model would most likely violate the design travel and rate limits. In
these situations, available vane leverage would be suboptimal for short duration periods, and the
mode suppression function would suffer accordingly.

Recommendations for future activities which are most critical for development of workable

inner loop flight control systems for large, high-speed, highly flexible vehicles are listed below.

1. Integration of inner and outer loop systems that are designed independently and possibly
under different assumptions. Considerable efforts have already focused on both inner and
outer loop systems (pitch rate vs. gamma dot/speed command), but under significantly
different assumptions (dynamic vs. static aeroelastic) and with little coordination.

2. Creation of a flying and ride qualities data base, applicable to flight vehicles exhibiting
significant structural vibration motions, through moving-base piloted simulation test
programs. Currently there are little, if any, guidelines and requirements for flight control
design of such vehicles.

3. Assessment of the upper limits of stability and performance that can be achieved with
contemporary-based multivariable flight control design strategies. Such techniques provide
powerful tools for addressing such questions, and would offer alternative architectures to the
conventional-based multi-loop system recommended in this report.

4.  Investigation of inner loop flight control systems for the lateral-directional axes. Very little
attention has been given to this important problem which may provide even more challenging

constraints, in some sense, when compared with the longitudinal characteristics.
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Appendix A
Statement of Work for NAS1-19858-93

Multivariable Techniques for HSR Flight Control Systems

Technical Objective:

The High-Speed Civil Transport (HSCT) is projected to have a pitch divergence due to the
relaxation of static stability at subsonic speeds. Further, significant interaction between ri gid-body
and aeroelastic degrees of freedom is expected. Objectives of the inner most loops of the flight
control system (FCS) for HSCT will be to artificially supply the stability inherently lacking in the
airframe, augment the key responses with crisp, well damped behavior, and to suppress, or lessen,
aeroelastic motions in the rigid-body responses. Attainment of these multiple, conflicting closed-
loop objectives inherently requires a dexterous FCS architecture, which can sense key motions and
apply critical forces/moments simultaneously at multiple points distributed throughout the vehicle.
Here, the objectives are three fold: 1) to investigate contemporary multivariable design techniques
for meeting the closed-loop objectives and to assess the "theoretically achievable" upper limits of
stability/performance, 2) to explore the control benefits derived from an additional, small, forward
aerodynamic control surface applicable to preliminary HSCT concepts, and 3) to establish
requirements for levels of controllability of rigid and elastic responses that can be used to guide
configuration design. This task shall be coordinated with the HSR Flight Controls Task (Task 7
on NAS1-20220), specifically, the subtask entitled "Ref. H Assessment”, and is a follow on task
to Contract NAS1-19858, Task 71 and NASA-ASEE activities during 1996.

Background & Approach:

Previous analysis of conventional-based single-loop FCS for HSCT class vehicles indicate several
hard conflicting constraints. Results indicate these single-loop FCS architectures do not allow
sufficient design freedoms to overcome the constraints. The extreme level of flexibility, and the
necessary stability augmentation bandwidth, seen in current HSCT models, points to the need for
maximum capability and effectiveness from the FCS. The first task is to explore the potential of
contemporary-based multi-loop FCS, such as those designed with LQ and H,, theory, for meeting
the numerous closed-loop objectives. An initial activity will focus on revisiting the single-loop
FCS architectures using contemporary-based design schemes to determine the upper limits of
stability and performance that can be "achieved" with these powerful techniques. An important
outcome of this phase will be to define minimum levels of control power that needs to exist for the
rigid and elastic modes that are in the pilot and FCS bandwidth. Controller implementation and
realizability issues will be given less emphasis in this phase. If stability and performance
characteristics, and specific design strategies, look promising, these issues will be given more
emphasis. The follow on activity addresses true multi-loop FCS. Conventional-based multi-loop
FCS architectures do not typically exploit the full capabilities offered by cross channels and higher
order filtering. The follow on thrust will utilize the contemporary-based design techniques with
multiple feedback paths. Initially, the studies will consider only existing HSCT surfaces (elevator
and wing trailing edge flaps). Follow on activities will consider the forward vane control input
from objective 2. Practical considerations for FCS implementation will also be addressed. This
task will support further assessment of the baseline configuration, as well as provide feasibility
recommendations for FCS development.

The second task concerns the inner loop control power and controllability benefits afforded by a
small, forward aerodynamic control surface. In previous preliminary multi-loop FCS studies,
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existing HSCT wing trailing edge devices were considered as potential secondary surfaces to
perform the aeroelastic suppression role. Results implied these surfaces are not favorably located
throughout the vehicle for this role. Feedback loops using these surfaces were characterized by
low damping augmentation sensitivity and simultaneous destabilization of elevator driven feedback
loops. A forward control surface would appear to overcome these deficiencies and offer an
attractive force/moment generator for aeroelastic suppression which works in harmony with the
rigid pitch control loops. Inclusion of such capability in existing HSCT models is to be the initial
activity. A linear "component build-up" modeling procedure will be used to expand the suite of
HSCT control surfaces with a small, forward vane. Additional higher fidelity models supplied by
the contracting agency can also be considered. Previous multi-loop FCS milestones will be
revisited here using the forward vane. The new surface characteristics will require some
modification and tuning of the earlier design. Analysis of merits and/or deficiencies of the new
FCS which utilizes the forward surface, relative to the baseline architecture, will be addressed. -

Quantifying the merits and/or deficiencies of inner loop FCS strategies will be an integral part of
the above tasks. Metrics should address, where available and appropriate, closed-loop features
such as augmented damping increments, bandwidth requirements, controllability, robustness
levels, modal frequency separations, and handling/ride qualities.

HSCT flight control design activities face hard constraints and challenging hurdles. Conclusions
and data from this study may provide valuable insight for future planning and decision making
pertaining to HSCT configuration and FCS architecture development and definition.

Deliverables:
« Preliminary feasibility assessment and preliminary recommendation of selected
inner loop FCS architectures presented in an oral briefing at the Aero
Performance workshop. To include electronic and paper copies of vugraphs
with written commentary in facing page text format. Boundaries and format
shall be suitable for inclusion in a NASA CDCP. Feb, 1997

o Feasibility assessment and final recommendation of selected inner loop FCS
architectures presented in an oral briefing. To include electronic and paper
copies of vugraphs with written commentary in facing page text format. Fall, 1997

» Final report to include documentation of final results and findings in an HSR
controlled distribution report suitable for submittal to HSR via the "salmon
colored" report tracking card. Shall conform to NASA margin requirements and
shall include all HSR-dictated data restriction notices in the margins and on the
cover sheet as specified by the HSRPO. Sept, 1997

« Software used to perform analysis. Shall include documentation and preliminary
user's guide. Software shall be well commented and legible. Sept, 1997
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Appendix B
M =0.24/h =500 ft Cycle 3.1a Model

This appendix describes the NASA Langley M = 0.24, h = 500 ft model generated from the

Ref. H Cycle 3.1a Simulation. All variables are expressed with feet, second, and radian units.

Airframe states, inputs, and outputs are listed below.

Actuator model data corresponding to Eq. (2.6) is tabulated below.

X =

-

y=

[ . T
uwqon,..npyng..nyy

: T
u=|0g &g 81 S1E; Stgs 5TE4]

4358 91900 92115 92152 92200 2z1358 2, 1900 322115 322152 372200

T

Actuator Data P ©

83 19. 190. 0.7071
3 22. 220. 0.7071
3TEl 20. 200. 0.7071
STED 21. 210. 0.7071
5TE3 23. 230. 0.7071
STEA 24. 240. 0.7071

Note for this model, a single actuator drives left and right symmetric control surfaces. State space

matrices listed below are defined in Egs. (2.1)-(2.8).
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.3364e-01
.8222e-01
.738le-02
.8235e+00
.2438e-01
.4286e-01
.2049e-01

OOOOOOOOOOOOOOOOO

1353e-06

5754e-05



EERLE]

0
-2.4367e-02
-1.2819%e-01

2.1876e-01
-8.5926e-02
1.2809e-01
1.1827e-01
1.7060e-01
3.0178e-02
-4.0276e-01
-9.6213e-01
4.8296e-01
9.4607e-02
4.3402e-02
-4.5404e-01
-1.9679e+00
-1.0697e+00
9.4014e-02
0

0
0
0
0
0
0
0
0
0
0
0
0
0
1.0000e+00
0

1.

0

.6378e-01
.8950e+00
.2344e-01
.0281e-01
.0231e-01
.7602e-01
.7015e-01
.4262e-01
.4424e-01
.4938e-01
.9184e-01
.1664e-01
.0055e+00
.1102e-01
.9961e+00
.0417e+01
.8125e+00

0

0000e+0

[eNeReoNoNoNoNoNeoNoRoloRo o oo Nl

Columns 25 through 30

.5528e-06
.5371e-03
.6344e-05

-0
.2371e+00
.9800e+00
.1655e+00
.9973e+02
.4324e-01
.0862e+00
.8753e-01
.8657e-01
.6950e+00
.6635e+00
.0225e+00
.9622e-01
.6707e+00
.0013e+00
.2769e-02
.7308e+00

|
N ;W
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4.
7.2405e-04
1.

-1
-7
-1

4

-3.
.2625e-03
.3608e-01
6.
.0502e+00

-3
-1

-1

-1.
.2199%e+00
.6954e-01
.0514e+00
.6985e~01
.9940e-01
5.

2
-8
-2
-9
-2

4565e-07

8782e-05
0

.4651e-01
.5244e-01
.3165e+00
.1554e-01

8470e+02

387%e-01

6457e+00

8235e+00

W

|
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.0000e+0

0

.3623e-01
.928%e-01
.4676e-01
.2835e-01
.8071e-01
.2397e-01
.1365e-01
.8699%e-02
.8802e-01
.4909e-01
.3272e-01
.7880e-02
.9563e-01
.5320e-01
.6429%e-01
.0852e+00
.4897e+00

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.0938e-05
.2767e-02
.2617e-04

0

.0308e+00
.9017e+00
.0402e-01
.9988e-02
.9600e+00
.3638e+02
.1813e+00
.4005e+00
.2890e+00
.5775e+00
.1338e+00
-6.
.9098e+00
.9395e-01
.1354e-01
.4441e+00

7420e+00
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-2

-3.
.753%e-04

-3

0

.907%e+01
.0722e-01
.3961e-01
.5554e-01
.3951e-01
.5995e+00
.0720e+00
.2368e-01
.2147e-01
.4238e+00
.1981e-01
.2762e-01
.6577e-01
.7466e-01
.995%e-01
.4254e+00
.1436e-01

OO O OO0 COO0ODO0OO0OOCO0OO0OOOO0O

.4831e-05

9064e-02

0

.9742e-01
.305%e+00
.0894e+00
.6268e-01
.2791e-01
.0723e+00
.9013e+02
.4506e+00
.9341e-01
.3421e+01
.9164e+00
.1183e+01
.1706e+00
.9843e+00
.0065e+00
.1775e+00

0

.7945e+00
.6398e+02
.3142e+00
.6676e+00
.6928e+00
.2469e+00
.7583e+00
.7376e+00
.0932e+00
.1168e+00
.7095e+00
.8157e+00
.4635e+00
.6103e+00
.0898e-01
.0113e+01
.1968e+00

OO C O OO0 O0COOOOOCCOO0OO0O0

.8433e-06
.3852e-03
.9809%e-05

0

.6343e+00
.3159%e+00
.0513e+00
.6921e+00
.476%e-02
.0410e+00
.1532e+00
.5215e+02
.7202e+01
.9805e+01
.2823e+01
.7738e+01
.8072e+01
.3160e+00
.320%e-01
.1296e+00

-3

-2

-2

=N SR

-1

[ |
NP WP O OoONMNNNRE -

0

.1638e+00
-4,
.8965e+02
.9163e-01
-2.
-5.
.7365e+00
.6671e+00
-4.
-7.
.5291e+00
.6471e+00
-4.

7276e+00

0926e+00
3225e+00

0486e+00
5860e+00

1791e+00

.4186e+00
.2684e-03
.7158e+01
-7.

1292e+00

[*NeoNoNoNeRelol-NoloNeRoNoNoNoNo o]

.45961le-05
.4048e-02.
.9410e-04

0

.7655e+00
.1208e+01
-4.
.7324e+00
.0037e-02
.6485e+00
.0657e+00
.7563e+00
.2904e+03
.5058e+00
.2763e+01
.6843e+00
.8518e+00
.5155e+00
.4852e+00
.1647e+00

4808e+00



2.

7754e+00

OOOOOOOOOOOOOOOOO

-2.4819e+00

OOOOOOOOOOOOOOOOO

Columns 31 through 36

1.
1.
1.2936e-03
-2.

3.

3.
.7002e-01

1

-6.
-1.
.2415e+00

-3

-3.
2.
-1.
1.
-3.
-1.
1.
2.
5.
-1.

0053e-05
7990e-02

0
1109%e+01
4590e+00
0357e-01

5231e+00
5906e+01

0987e-01
6411e+00

8356e+03.

2819%e+01
1048e+01
6831le+01
44591e+01
4677e+01
0990e+01
2113e+01

OOOOOOOOOOOOOOOO

.4737e-05
.5245e-02
.3783e-04

0

.7692e+01
.6655e+01
.2478e+00
.1993e+00
.7452e-02
.2416e+00
.8412e+00
.2457e+01
.1918e+01
.0625e+01
.1780e+03
.6627e+01
.2147e+01
.0155e+01
.1411e+01
.9849%e+01
.137%e+00

OOOOOOOOOOOOOOOO

1.0374e+00

OOOOOOOOOOOOOOOOO

.0450e-05
.8687e-02
.3377e-03

0

.4597e+01
.3352e+01
.4257e+00
.4588e+00
.9987e+00
.0567e+01
.5717e+00
.7304e+01
.9130e+00
.2383e+00
.7372e+01
.8933e+03
.0481le+01
.1792e+01
.7255e+00
.0024e+00
.5809e+00

OOOOOOOOOOOOOOOO
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.1429e-05
.3485e-02
.6172e-04

0

.6085e+01
.6544e+00
.9942e+01
.8562e+00
.5499e+00
.4326e+01
.9567e+00
.5922e+01
.2946e+00
.4991e-01
.1807e+00
.1111e+01
.1729e+03
.5633e+01
.7219%e+00
.2946e+01
.2419e+01

OOOOOOOOOOOOOOOO

o O

-1.7460e+00 . <1.3987e+00

OOOOOOOOOOOOOOOOO

.1829e-05
.6347e-02
.1677e-04

0

.3605e+00
.1365e+01
.4084e-01
.4503e-01
.32%6e+00
.5147e+00
.6318e+00
.3425e-01
.0983e+00
.9618e+00
.9410e+01
.1316e+00
.0520e+01
.6609e+03
.0380e+01
.9219%e+01
.4460e+00

OOOOOOOOOOOOOOOO

-2.3483e+00

OOOOOOOOOOOOOOOOO

.3287e-05
.7463e-02
.4639%e-04

0

.0711e+01
.1434e+01
.3997e+01
.1594e+01
.2452e+01
.5181e+01
.3773e+00
.7169e+00
.9843e+01
.4665e+01
.0637e+01
.8332e+01
.5958e+01
.1693e+01
.8407e+03

8322e+01
6212e+00

COO0OO0OTO0OO0OO0OCCOO0OOCOO
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0

Columns 37 through 38

4.
7.
.1080e-03

-1

1

W0 0 R b W] B 00 OV R R R

T
i}

9593e-04
638le-01

0

.9746e+02
.8850e+02
.8798e+02
.1831e+01
.6059e+01
.5688e+02
.6061e+01
.9491e+01
.2619e+02
.8605e+02
.7807e+02
.3375e+02
.6295e+02
.5070e+01
.8171e+01
.2446e+03
.0811e+02

eNoNeNoNoNoNoNoNeReNoNoNoNeo o Re o)

-2.
.2650e-01
-1.

-3

-5

-4.
.2643e+01

2.
~2.
.5913e+01
.6180e+01
.8756e+01
.9806e+01
.6887e+01
.3279e+01
.5607e+01
.7148e+01
.0568e+00
.0096e+01
.4813e+01
.2957e+03

-6

-5

1121e-04

5639%e-04
0

.5852e+01

7409e+01

0359%e+01
8752e+01

ocNoNoNoNeNoNoNoNeNeNeRo NeRoNloNoReo]

Columns 1 through 6

.9600e+00
.3535e+01
.3579%e-01

0

.4705e+03
.5315e+03
.4360e+03
.1634e+02
.2406e+02
.0449e+03

.0495e-04
.2854e-01
.5562e-02

0

.2837e+02
.0471e+02
.5558e+02
.7435e+01
.4341e+01
.5451e+02

.8324e-06
.2690e-02
.1165e-04

0

.1109e+00
.0518e+00
.6982e+00
.5886e+00
.8078e-01
.8546e+00
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-2

-9

1
O R

.9536e-01
.7106e+00
.4133e-02

0

.9355e+03
.0722e+03
.239%e+03
.2188e+02
.5141e+02
.5604e+02

.5306e-05
.4322e-02
.7500e-03

0

.8057e+01
.36lle+01
.3262e+01
.2042e+00
.1766e+01
.4650e+01

-1.
-2.
-4.

6565e-06
6370e-03
1340e-05

0

.437%e-~-01
.7056e-01
.9651e-01
.6542e-01
.5854e-02
.6184e-01



.7164e+02
.1125e+02
.5936e+03
.1474e+03
.7247e+03
.2221e+04
.3518e+03
.3288e+03
.5774e+01
.5438e+02
.9403e+02

OOOOOOOOOOOOOOOOO

.4613e+00
.0132e+03
.2843e+02
.3308e+02
.9611e+02
.8528e+02
.3436e+02
.9647e+00
.4336e-01
.1861e+01
.4863e+01

OOOOOOOOOOOOOOOOO

Columns 7 through 12

.3045e-01
.8258e+00
.2939%e-03

0

.1381e+03
.1383e+02
.7591e+02
.0205e+02
.6064e+02
.3960e+02
.0052e+02
.7735e+02
.1254e+03
.4898e+02
.0478e+03
.0732e+02
.0269%e+02
.6450e+02
.1175e+01
.2257e+02
.2341e+01

COoOOCcooco

.1122e-04
.3818e-01
.2834e-03

0

.370%e+01
.3088e+01
.7442e+01
.2727e+01
.6315e+01
.4750e+01
.4769e+00
.9537e+01
.7544e+01
.3421e+01
.0087e+02
.4998e+02
.6451e+02
.9189%e+00
.8527e+00
.4692e+01
.0699e+01

(= NeoNeoNeNoNe]

3

-4
-4

-6.
.2878e+00
.7669e-01
.2881le-01
.0007e-01
.4564e+00
.8994e-02

.0574e-01
1.
.1048e+00
.1109%e-01

6947e+01

0003e-01

OOOOOOOOOOOOOOOOO

.6241e-07
.231%e-03
.7178e-04

0

.1030e+00
.8210e+00
.5135e+00
.3505e-01
.0047e+00
.3104e+00
.1681e-01
.4086e+00
.5033e+00
.3794e+00
.1204e+01
.2896e+01
.9380e+00
.1340e+00
.0362e-01
.3321e+00
.9328e-01

[eNeNoNoNeNo

255

7
5

-1.
-1.
-4.

1.

6.
-1.
-1.
.5144e+01
5.

9

.9646e+01
.2141e+03

1847e+03
8652e+01
6784e+02
1680e+03
9596e+02
8097e+02
0824e+01

8451e+01

OOOOOOOOOOOOOOOOO

.2740e-01
.5521e+00
.3818e-03

0

.7831e+02
.7016e+02
.0646e+01
.5430e+01
.3035e+02
.0658e+02
.7950e+02
.2040e+01
.6413e+02
.2148e+02
.8577e+02
.9172e+01
.87%81e+02
.5614e+01
.8149%e+01
.2179e+02
.3396e+02

leNelleNeNole]
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3

2.
5.
6.
2.
3.
2.
2.
2.
2.
2.

.0776e+00

0445e+02
4647e+01
1789e+01
6825e+01
9497e+01
2951e+01
8590e+01
1251e-01
8282e+01
5654e+01

OOOOOOOOOOOOOOOOO

.4235e-05
.8517e-02
.4971e-03

0

.5841e+01
.9055e+01
.5056e+01
.0799%e+01
.4524e+01
.1141e+01
.0906e+01
.7941e-01
.1448e+01
.8799%e+00
.3425e+01
.3721e+01
.7823e+01
.0060e+00
.4767e+00
.1204e+02
.7502e+01

(> NeNoNolNeNe]

-2

-4

-7
-3

.1542e-01
.5125e+00
.5401e-01
-7.
.1858e-01
.0219%e-01
.5187e-02
.9845e-02
.8587e-02
.5272e-01
-1.

8783e-01

1951e-01

OOOOOOOOOOOOOOOOO

.6846e-06
.5456e-03
.6073e-05

0

.3535e+00
.4282e+00
.7952e-01
.1434e-01
.5779%e-01
.0477e+00
.4606e-01
.0121e-01
.2545e+00
.0477e-01
.0616e+00
.4055e+00
.1635e+00
.7073e-01
.9827e-01
.9267e+00
.1924e+00

COO0OO0OCO
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Columns 13 through 18

.0114e-01
.9704e+00
.7965e-02

0

.6999e+02
.9843e+03
.3473e+03
.5805e+02
.7600e+02
.571%e+02
.4378e+02
.0054e+02
.0674e+03
.5240e+03
.2657e+03
.1850e+02
.3541le+02
.0309e+03
.5052e+03
.4880e+03
.3919%e+02

[oNeNoloNeNolNeoNeNoNolleNolNololRoll ol ol

"
1
9

1
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[
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.0529e-05
.0704e-01
.9045e-04

0

.4153e+01
.6042e+00
.4681e+01
.6886e+01
.8272e+01
.3650e+01
.0297e+01
.6728e+00
.6241e+01
.0561le+01
.3923e-01
.4584e+00
.1525e+01
.2427e+01
.6324e+01
.0764e+02
.2456e+01

COOOOOOO0OO0O0OOCO0OO0ODO0OOO

Columns 1 through 6

QOO COoOOOODO0O0O0OOQCOoOOo

.8141e-06
.9880e-03
.5255e-06

0

.9764e+00
.3662e+00
.4975e+00
.2281e-01
.0720e+00
.8450e+00
.2949e-01
.3454e-01
.5093e+00
.7561e+00
.7182e+00
.6481e-01
.7809e+00
.0396e+00
.1951e-01
.9175e+00
.6705e+00

OO0 QOO0 OO0OODOQOOOO0OC0
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QOO OO OQO0O0O0O0OO0

.1703e-01
.8204e+00
.8070e-02

0

.8972e+02
.3861e+03
.8783e+03
.3850e+03
.4815e+03
.1886e+03
.7338e+02
.6318e+00
.3215e+01
.4919%e+02
.4625e+02
.1072e+01
.691%e+01
.0242e+02
.1490e+02
.6393e+03
.7737e+02

0

[eNeNoNoNeoRoeNeoReNeReRoNoReoNoNe o)

[eReoleNeNeNeNoRelleNolNo

.0254e-04
.5775e-01
.1760e-04

0

.9125e+01
.6299%e+01
.4554e+01
.8618e+00
.2851e+00
.0032e+01
.1890e+01
.0496e+01
.0488e+01
.0556e+01
.5683e+01
.3361e+00
.6581le+01
.6515e+01
.5673e+01
.4383e+02
.6344e+01

[eNeoNeoNoNeoNoReRolelelNeloNoleRoleNel

-4.
-6.
~-1.

-1.
-1.
-2.
.4041e-01
-9.
-1.
.5339e-01
.4075e-01
.7701e-01
.2310e+00
.2947e-01
.2889%e-01
-9.
-8.
-3.
.7511e+00
-1.

=7
-2

OO OCOOO0OOCOOQOO0OO0O

4178e-06
8575e~-03
8142e-05

0
1236e+00
8372e+00
5075e+00

911le-01
4725e+00

1756e-01
0512e-01
6917e-01

3646e+00
0

QOO0 OCOUCOOOO0O000OO0



0
0
-6.8590e+05

COO0O0CQCOOO0OO0CCOCOOO

1.0000e+00
0
-4.1205e+04

COCOOCOO0OODOOOCOO O

Columns 7 through 12

Moo oocoooo

-8.0000e+0

lejolsNeoNoNeNolNoNol

e NoleNoNoeNaol

1.0000e+00
0
-4.5657e+04

(=ReRoleNoNoNaoloNo

Columns 13 through 18

-1.2167e+0

OO‘\OOOOOOOOOOOOOO

=joleBaolaoNsNoNeoNoNoNeNo]

1.0000e+00
0
-6.0381le+04
0

0
1.0000e+00
-2.8770e+02

S aclejcNoNoN«NoNeNao¥oRoRoReo o)

[>NoReNelNoNole

1.0000e+00
-3.0284e+02

COO0OO0OO0COOQOO

[=RejoloNaNoNeNoNoNoleRole)

1.0000e+00
-3.4827e+02
0
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-1.0648e+0

~9.2610e+0

LD ReNeoNeNal el

[eReeNeoNoNoloNeNoReNoNe)

OOOOOOU’IOOOOOOOOOOO

1.0000e+0

-5.5245e+0

1.0000e+0

-5.0337e+0

1.0000e+0

[=Neo el

0
0
4

[=ReNoNoNeoNoNoNoNoNoNoNe

[eNeRoNoNoNoNeNoNe

0
0
4

oo NeNoNeNe

0
0
0
0
0
0
0
0
0
0
¢
0
0
0
0
0

e NeNoNel

1.0000e+00
~-3.3312e+02

COCO0OO0O0OODO0OOOO

(eNeloNoNoNaeNoNeNolo]

1.0000e+00
-3.1798e+02
0

OCCOOoo

RSN elojoNoNoNoNoNoNoNoNaoleRe K]



[eNeNoNoNeoRoNeRelNeNoReNeloRe R
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leNeNoReNeNoNeNoNeRoNoRoRoReReNoReNo]

Columns 1 through 6

O

o NeoNeNeo Ne ]

.1720e-02
.4003e-01
.1468e-01
.0788e-01
.9633e-02

w0l Ww

DOOOO

.1053e-01
.9444e-01
.8851e-01
.1164e-01
.1771e-01

Columns 7 through 12

1.
-5.
-6.
-6.
-6.
.0308e-03
.2803e-03
.2684e-03
.4768e-03

-2
-2
-3
-3

-3.

6588e-04
8335e-05
0117e-05
4397e-05
0888e-05

6763e-03

PR POORPERP R U

.4117e-05
.8402e-05
.9030e-05
.9924e-05
.9171e-05
.5161e-04
.6985e~-04
.1553e-03
.2119e-03
.2614e-03

Columns 13 through 18

5.
1.

6041e-04
0603e-04

-4.2983e-05
-3.0990e-05

BB N B B S

160000

P P U o 0

o

0
0

eNoRoNsNeNoeNoNoNeNeNoNoNeNeNoNole Nl

.0000e+00
.0000e+00
.0000e+00
.0000e+00
.0000e+00
.3998e+01
.7973e+01
.6451e+01
.7938e+01
.9468e+01

.6642e-05
.5809e-05
.9343e-06
.0797e-05
.0922e-06
.4937e-04
.8743e-04
.5707e-04
.0224e-05
.002%e-04

.0418e-04
.3081e-04
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-1.

185220

-2
-2

-2.

PR W NN WO N

[

0
3824e+06

QOO OO OO0 OOQOO0OO0OOOOO0O

OO OO

.0222e-02
-1.
.3320e-01
.484%e-01

7806e-01

6127e-01

.8092e-04
.6460e-05
.4980e-05
.5999e-05
.9043e-05
.1329e-03
.8837e-03
.0564e-03
.5534e-03
.8936e-03

.2963e-04
.1265e-05

-6.

243340

-9
-1

0
5746e+04

O OO0 QQO0OOCCOO0OOOOO0OO0OOO

.9940e-04
.1167e-05
.8027e-05
.3775e~05
.1293e-05
.6491e-03
.4496e-03
.3667e~04
.1842e-04
.8529%e-04

.5860e-04
.4346e-05
.6039e-05
.4329e-05
.5668e-05
.9877e-03
.9439e-03
.7768e-03
.2328e-03
.2104e-04

.9955e-05
.1476e-05

1.
-3.

276480

-1.
.9885e-05
.1231e~05
.0645e-05
.2995e-05
.301%e-03
.4952e-05
.37%4e-04
.5438e-04
.1260e-03

ROOUITFONGOYW

0000e+00
634l1le+02

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

6837e-04

.9031e-04
.1394e-06
.9845e-05
.5521e-05
.5654e-05
.1709%9e-03
.6871e-04
.5063e-05
.0639e-05
.8660e-05

.1936e-04
.9456e-05



|
WWWNBb R R R

.6499%e-04
.7174e-04
.6388e-04
.8267e-03
.1986e-03
.5753e-03
.7285e-03
.8431e-03

3

2

1

.3396e-05
3.
4.
5.
.8161e-03
2.
9.
.9299%e-03

9399e-05
2011e-05
1457e-04

0876e-04
9576e-04

Columns 19 through 24

1.
-2
-1
-1
-1
-1
-5.
-1.
-1.
-1.

7871e-04

.4860e-05
.1269e-05
.3560e-05
.4100e-07
.2753e-03

8451e-04
1430e-03
2016e-03
1609e-03

FPFNROAWR P W

N

.4977e-04
.8578e-05
.128le-06
.6158e-05
.6653e-07
.4300e-03
.3503e-03
.1783e-03
.0701e-04
.9086e-03

Columns 25 through 30

B ooy Ww

[*HoNeNoNo

.5641e-01
.4552e-02
.2410e-02
.1252e-02
.0477e-01

e RUES

[eNeoNoNeNe

.4787e-01
.2653e-02
.2124e-01
.3248e-01
.4486e-01

Columns 31 through 36

8.
-6.
-1.
-1.
-2.

(oo NeNe Nl

1632e-01
0565e-01
6571e+00
8894e+00
2045e+00

(VBN e N ¥, I~ Vo]

[eNelNoNoNo

.5682e+00
.7198e+00
.9338e+00
.0112e+00
.8455e+00

Columns 37 through 38

6.
7.
2.

CcCoocoOoo

1415e+00
4498e-01
4883e+00

1.
7.
3.

[oleNeNole

0731e+01
5462e+00
5405e+00

-2

-4

3

Ll S BAXe BNV I N ]

N WO o

.3558e-05
7.
.5524e-05
-2.
.3573e-03
2.8654e-03
2.

2.3360e-03

6347e-06

8675e-03

6942e-03

.0211e-04
.5607e-05
.0314e-04
.0718e-04
.1658e-04
.1742e-03
.5114e-03
.5487e-04
.8132e-04
.0915e-03

OO O OocoO

.9212e+00
.7777e-01
.7292e-01
.033%e+00
.0949%e+00

(o e NeNeNel

.3856e+00
.8296e+00
.9768e+00
.8323e+00
.1582e+00
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k)

.4266e-04 _
.3048e-04

.5924e-04
.5673e-03
.2149e-03
.0614e-05
.1477e-04
.2965e-03

o NoReNoNe

.8476e-01
.8872e-01
.5852e-01
.5276e-01
.4463e-01

Coocoo

.1186e+00
.2034e+00
.2439e+00
.2199e+00
.1587e+00

OO0 O0OO

.0152e+00
.2983e+00
.7926e+00
.6385e+00
.4495e+00

R NOR RN

9
-3
-2

-1.
-1.

-2

-1

.0182e-05
.6610e-05
.5578e-05
.2727e-04
.8810e-04
.1956e-04
.8253e-05
.8112e-04

(eNeNelNeoNe]

.687%e-01
.4652e-01
.1774e-01

9283e-01
5949e-01

leNoNoNolN o]

.7537e+00
.4249e+00
-8.
-7.
.9339%e-01

8327e-01
6383e-01

[eReNelNoNel

.2911e+01
.9594e+00
.0280e-02
-1.
-4.

8695e+00
0729e+00

-1
-1

-4

-2
-3

-1

-2
-3

-9
-4
-1

.4972e-04
.6541e-04
.3664e-04
.0172e-03
.811%e-03
.8578e-03
.7110e-03
.5979e-03

OO oOoCoo

.3706e+00
.0303e-01
.8924e-01
.4748e-01
.1990e-01

S oo oa

.3880e+00
.3584e+00
.0545e+00
-3.

4.

6765e-01
8290e-01

[eNeNeNoNe]

.9200e+00
.1947e-01
.3717e-01
.1443e-01
.9027e-01



[N

(@}

2.1479%e+00
2.2282e-01

.8190e+00
.0854e+00

w o

Columns 1 through 6

OO0 O0OO
[N eNeNeNe

-1.1154e+01 ~1.1152e-01
~-5.3233e-01 -2.3101e-01
3.1653e+00 1.7564e-02
4.1118e+00 8.6003e-02
5.3000e+00 1.5797e-01

Columns 7 through 12

0 0
0 0
0 0
0 0
0 ¢
-1.5100e+00 3.0869%e-02
8.3614e-01 -9.9258e-02
4.2586e+00 3.3966e-01
4.963%e+00 4.4524e-01
5.8523e+00 5.752%9e-01

Columns 13 through 18

OO OO oO
OO OO0

.6688e-01 5.9713e-02
.3990e+00 -2.4834e-01
.0328e~01 -1.1992e-01
.9188e-01 -8.2218e-02
.4956e-01 -3.4050e-02

N Oy = WO

-1.
.2585e-05
.2759e-05
.2533e-04
.3182e-04

-5

R

= o

[oNeNoNeNe

6383e-03

OO OOCO

.0140e-03
.5011e~02
.3923e-02
.3269e-02
.2450e-02

SCOOOO0

.5943e-03
.0691e-02
.6073e-03
.4741e-03
.1418e-03

260

Ul > N

-5

-7.

QOO OQO

.2728e-02
.3392e-02
.5331e-01
.910%e-01
.4081e-01

[eNeoNeoNoNe

.7530e-01
.8640e+00
.080%e+00
.532%e+00
.1276e+00

OO OO0

.5006e-01
.9105e-01
-3.
.4671le-01

5816e-01

5688e-01

-4

[N e o B S

-7

QOO0 OO0

.0443e-03
-6.
-1.
.7627e-03
.0151e-03

8538e-02
7756e-02

DO OO0

.5438e-02
.8093e-01
.9521e-02
.5657e-01
.4004e-01

OO OO0

.7356e-02
-2.
.7047e-02
.0823e-02
.2773e-03

050%e-01

S0 WwE W» NP

DD Wk -

[an i on B en B oo}

0

.7292e-04
.2170e-03
.3477e-04
.4682e-04
.1700e-04

OO OO0

.0114e-04
.1083e-02
.0245e-03
.3050e-03
.4114e-03

COoOO0OoCcoO

.3184e-03
.1067e-03
.1190e-~-03
.2965e-03
.3268e-03



Appendix C
M =024/h=0ft Cycle 1/ISAC Model

This appendix describes the NASA Langley M = 0.24, h = 0 ft model generated from the
Ref. H Cycle 1/ISAC Simulation. All variables are expressed with feet, second, and radian units

except structural axes coordinates and mode shape/slope deflections which utilize inch. Airframe

states, inputs, and outputs are listed below.

[ : . T
X= quenl N7 M1 ---M17 24 "'ZIO}

u= (83 6E SV 8TE1 8TE2 8TE3 8'1'54}

Measured pitch rates and vertical accelerations are calculated from

17
Qxs=9-— igl q)i(xs)ni

17
a,xs=W-Xxpq-Uq- i=21 BixM;
(bi(xs) = Cq)i’—(s
. d q’i(xs)
9(x9) = dxg

where C¢i is the ith row of Cy and

iy 10_9 T
Xg = [Xg~ Xg e Xg 1]

C¢ represents a polynomial curve fit to the mode shapes (¢;) which allows pitch rates and vertical
accelerations to be computed at any point along the fuselage centerline. The state space C, D, D,
D", and Dy matrices can be easily constructed from the above description. In the above

expressions, the sensor is mounted at the body axes location xp, and U denotes the forward body
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axes trimmed flight speed component. Actuator model data corresponding to Eq. (2.6), and gust

turbulence model data corresponding to Eq. (2.9), is tabulated below.

Actuator Data p ® 4

o3 19. 190. 0.7071

3g 22, 220. 0.7071

Sy 22, 220. 0.7071

STE] 20. 200. 0.7071

STE? 21. 210. 0.7071

OTE3 23. 230. 0.7071

STE4 24. 240. 0.7071

Gust Turbulence Data oy, . | L vr |k Zj 2 P1 P2 P3

wG 1. [2500.]267.9]|0.4079 | 0.04094 | 0.8257 | 0.05145 [ 0.1302 ] 1.194

Note for this model, a single actuator drives both left and right symmetric control surfaces. State

space matrices defined in Egs. (2.1)-(2.10) and C¢ are listed below.

A=

Columns 1 through 6

5.948%e-04 2

-1.4249e-01 -1.
.8238e-02

-1.5018e-04 -1

-7
-1
-4

2

2

[oNeoNeReNoReleNeReNeloNoeRolNeloNelNelollololole RNl o o]
= O OO

-5.
.8996e+01
.4208e+02
.7866e+01

2.
-2.
-4.
.3729e+00
-3.

2.
-1.
.5193e+02
.8379e+00
.8179%e+00
.3641e+01
.5650e+01
.925%7e+01

.1308e-02

0812e+00

0

8016e+01

6580e+01
8096e+01
1414e+01

5075e+01
5373e+02
1031e+02

[eNeReoRoRoNeNe

-4.1438e+01 -3.1782e+01

2.5063e+02
-8.3968e-02
1.0000e+00
~-2.1366e+02
-3.322%9e+03
-2.3133e+02
-1.8416e+02
2.0421e+03
-7.083%e+03
-3.5274e+03
-2.1190e+03
2.6666e+03
6.8524e+03
-5.6936e+03
6.6340e+03
4.5101e+03
-3.2552e+03
5.1642e+02
-3.9555e+03
2.6607e+03
0

COO0OOOCC
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OO OC OO0 ODOOOODOOTCOODO0COOOCOOOOO
1
(V]

0

.4062e-04
.1923e-07

0

.1696e-01
.5412e-01
.3484e-02
.0231e-02
.1230e-01
.3803e-01
.2018e-01
.0035e-01
.5154e-03
.1365e-02
.677%e-01
.033%e-01
.6557e-01
.7956e-02
.1640e-02
.4232e-01
.0758e-01
.0000e+00

OCOoOOOCOOoO

0

~2.3471e-03
-1.2275e-05

0

7.9866e-01
-1.265%9e+00
-1.0384e+00
-3.5376e-01
3.9268%e-01
-3.2240e-01
6.9592e-02
1.8198e-01
-6.7766e-01
3.3286e-01
5.6236e-01
-3.7091e-01
-5.6127e-01
-1.2971e-01
2.6579e-01
-3.0837e-01
1.6640e-01

0

1.0000e+00

QOO O OO




OOOOOOOOOOOOOOOOOOOO

QOO ODO0OO0OOO

.0274e-01
.6196e-01
.1473e+01
.8760e+02
.8644e+02
.5938e+02
.2347e+02
.9291e+02
.6492e+02
.674%e+03

Columns 7 through 12

-1.
.7379e-06

-8

-8.
-1.
-1.
-5.
.5670e-01"

5

-5.
4.
-2.
2.
4.
1.
.2069e-01

2

-1.
~-2.
1.
-8.
4.

0
0441e-03

0
6001le-02
2424e+00
7683e+00
0591e-01

6630e-01
5862e-02
9916e-01
9587e-02
9384e-01
1313e-01

2922e-01
8710e-01
5704e-01
151%e-01
5076e-01

0

0

.0000e+00

SReRoNeoNoNoNoNoNoNeN]

-4.
.4627e-06

-4

-1.
-4.
.4009e-01

-5

-5.

2.
-1.

2.
-1.
.2427e-03
1.
5.
7.
.3835e-02
.0301e-01
.1691e-02
.4968e-01
.4709%e-01

-6

-5

0
7593e-04

0
1747e-02
7972e-01

3792e-01
0653e-01
9822e-01
2505e-02
0243e-01

7775e-01
4052e-02
3669e-02

0
0
0

.0000e+00

(eeNoNoNoNoNaoNeNoNo)

| S T 1 |
W IOV W W

[eNeRolNeoNoNoeNoNoNole)

.4015e+00
.299%e+02
.0734e+02
.75%4e+03
.0003e+03
.7843e+03
.3769e+03
.6798e+04
.1313e+04
.3293e+02

0

.1136e-04
.5422e-06

0

.3371e-01
.6727e-01
.6387e-01
.9920e-01
.1257e-01
.0739%e-01
.4231e-02
.2085e-02
.5925e-02
.8308e-02
.4141e-02
.8528e-02
.0181e-01
.8673e-02
.6605e-02
.9102e-01
.3978e-01

0
0
0
0

.0000e+00

[=NeNoleNoNoNoNeNe
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.0000e+0

OOOOOOOOOOOOOOOOOOOO

0

.9860e-04
.7352e-06

0

.9847e-01
.5850e-02
.7793e-01
.2051e-02
.087%e-02
.123%e-01
.0083e-01
.8312e-01
.1216e-01
.7323e-01
.5123e-02
-5453e-01
.0495e-01
.1879%e-02
.4852e-01
.9502e-01
.4064e-01

Sl=ReloloNoNoNoNoNoNoRoleNe)

B W WU e

.0000e+0

COOCOO0OOOO

.0870e-02
.6020e-01
.0947e-01
.9659e-01
.2756e-01
.4455e-01
.1268e-01
.6005e+00
.9221e+00
.8022e+00

0

.1024e-04
.275%8e-07

0

.0533e-01
.7041e-01
.6647e-01
.1967e-02
.3786e-01
.6298e-01
.2477e-01
.0457e-03
.6338e-01
.0244e-01
.8631e-01
.3154e-01
.2720e-01
.5318e-02
.5587e-02
.3954e-01
.0221e-02

[ol=RoNoNoNoNoNoNaoNoRoRoRe K]

1.0000e+0

el eRelNeNoNoNoNeNo X

1.9733e-02
-3.7630e-01
3.0905e-01
-3.673%9e-01
-1.2203e+00
-1.2685%5e-01
7.2126e-01
-1.1180e+00
4.8925e+00
2.2209e-01

0

1.7113e-02
3.8823e-04

0

-1.2101e+00
1.9978e+00
1.1044e+00
3.8293e-01

-2.1587e-01
2.4959%e-01

-6.4407e-02

-3.8735e+00
1.0872e+00

-1.3912e+00

~3.2108%e-02

-1.3084e+00
1.3976e+00

-1.1410e+00

-9.5331e-02
6.7767e-02
3.3394e-01

COO0CO0OO0OCO0OO0OOCOOOOO



0
0
0

-6.4576e-02 -2.3055e-
5.2193e-01 1.6784e-
3.1263e-01 1.3671e-

~1.0992e+00 -3.9282e-
6.7413e-01 1.5754e~
6.6493e-01 2.1482e-

-1.8519e-01 -3.0157e-
1.1693e+00 3.3250e-

~-2.8950e+00 -8.6880e-

-1.7876e-01 -2.2370e-

Columns 13 through 18

0

1.1027e-02 -2.5255e-
2.4990e-04 1.3435e-

0

-3.6008e-01 -3.6091le-
1.7375e+00 -7.8333e-

0

0

0
02
01
01
01
01
01
02
01
01
01

0
05
05

0
01
01

1.4137e+00 -1.5363e+00

5.0333e-01 -5.6495e-
-2.7864e-01 4.5395e-
-7.7151e-02 2.6398e-
~-3.6986e-01 3.1838e-

01
01
02
01

-1.6003e+00 -1.8150e+00

~1.8244e-01 -6.6307e-

02

-8.2364e-01 -1.9287e+00

-4.2677e-02 -8.3157e-02
-1.0984e+00 -1.7216e-01
6.5880e-01 3.3540e-01
-6.1120e-01 3.3119e-02
-2.1812e-01 7.3373e-02
-5.2127e-01 9.5078e-01
5.0908e-01 -4.0322e-01
0 0

0 0

0 - 0

0 0

0 0

0 0

0 0

0 0
1.0000e+00 0
0 1.0000e+00

0 0

0 0

0 0

0 0

0 0

0 0

0 0
4.353%9e-02 -4.2040e-02
3.0797e-02 -1.3013e-01
-1.0921e+00 5.9243e-01
4.9573e+00 1.2436e+00

.0000e+0

0
0
0

.6117e-03
.6369e-02
.1207e-02
.8935e-01
.5947e-01
.2968e-01
.1860e-03
.6711e-01
.6836e-01
.6449%e-03

0

.8455e-03
.1450e-05

0

.4676e-01
.1729e+00
.0810e-01
.7067e-01
.4951e-01
.6480e-01
.2034e-01
.8118e+00
.8710e-01
.7325e-02
.4315e+00
.8865e-01
.7539%e-02
.4459e-01
.1991e-02
.9049e-01
.3048e-01

[« NeNeNoloNoNoloNeoNoNeRNoRoNeoRe ool

.8771e-02
.1032e-02
.7703e-01
.3153e-02
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-5

-2

.0000e+0

0
0
0

.6993e-02
-1.
-6.
.9763e+00
-1.
-1.
.5422e-02
-4,
.6101e+00
~-6.

6794e-01
2795e-01

1183e+00
5844e+00

3147e+00

6874e-01

0

.081%e-05
.6930e-06

0

.1170e-01
.1551e-01
.6274e-01
.2692e-01
.4146e-02
.1348e-01
.9451e-03
.0429%e+00
.7381e-01
.6702e-01
.0515e-01
.7471e+00
.7913e-01
.5507e-02
.8913e-01
.1628e-01
.0723e-01

DOO0OQOOODOOOOOOODOOOOCQ

.0614e-02
.1924e-01
.4342e-01
.329%e-01

0

0

0
3.3040e-02
2.1601e-01
-1.0173e+00

2.6149e+00
-2.9486e-01
-1.4616e+00
-5.2063e-01
-1.7979e+00
-9.6289%e-01
-1.0274e+00

0
1.3165e-03
6.5372e-06

o

-6.8539e-01
1.1214e+00
6.3973e-01
2.3196e-01

-3.1855e-01
3.1993e-01

-1.1567e-01

-1.3320e+00

-1.2738e-01

-4.4797e-01
8.8786e-02

-5.2257e~-01

-1.4876e+00
3.6151e-01

-3.7677e-01

-9.3815e-01
1.2635e-01

loNeoNoNoR®Reloe ool oo

1.0000e+00
0

0

0

0
-1.0846e-02
5.9149%e-01
-6.8003e-01
1.2582e+00

]
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0
0
0

.1215e-02
.0131e+00
.0026e+00
.6115e+00
.9624e+00
.0493e+00
.1455e+00
.7710e+00
.0033e+400
.9590e+401

0

.4495e-04
.2031e-06

0

.0149%e-01
.3059%e-01
.4425e-01
.4071e-01
.1185e-01
.8684e-02
.6427e-01
.4609e-01
.5683e-01
.0945e-01
.6394e-01
.1052e-01
.7409%9e-02
.6276e+00
.347%e-01
.2041e-02
.1247e-01
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.0000e+00

0
0
0

.2448e-02
.1094e-02
.2032e-01
.8783e+00



6.9899e+00
2.6866e-01
.912%e+00
6.5650e+00
.8062e+00
5.5113e+01

2.
1.
8.

-1

4
4

5719e+00
4613e+00
1748e-01

.7105e+00
.7038e-01
.2794e+00

Columns 18 through 24

0
1.6807e-03
1.6594e-05

0

-1.7635e-01
2.6618e-01
-1.9271e-02
-2.1648e-02
6.0821e-02
-3.1355e-02
2.1078e-01
4.7959e-02
5.7806e-01
-1.1473e+00
-5.8636e-01
1.3384e-02
1.7264e-01
4.5334e-01
-2.0152e+00
-8.0078e-01
-2.7941e-03

=leNejeRNelloNoNoNoNoNoloNe R

1.0000e+00
0

0
1.9768e-02
1.7947e-01
-5.4807e-01
1.2436e+00
1.3966e+00
-2.8869e-03
-1.5214e-01
8.1616e-01
-1.0261e+00
3.8606e+00

MOoORMNMNOR NP R

9

4.
1.
1.
1.
.5068e-01
6.
9.
2.
6.
1.

2

[

0

.1113e-02
.5379%e-04

0

.3520e-01
.2018e+00
.8112e+00
.3618e+00
1.
7.
.2006e-02

2279%e+00
6798e-~01

9430e-02
0317e+00
9839e+00
1038e+00

3917e-02
2548e-01
3122e+00
1749e+00
0419e+00

OOOOOOOOOOOOOOO

.0000e+00

0

.2190e-01
.0697e+00
.7616e+00
.0950e+00
.0582e+00
.5204e+00
.8884e+00
.8504e+00
.9203e-01
.2522e+01

-4.
.7574e-01
.3412e-02
-1.
.1856e-01
.1330e+00

-1
-7

6741e-01

7710e+00

0

.1438e-03
.8848e-05

0

.2755e-01
.4793e+00
.4936e+00
.4393e-01
.518%e-01
.0551e-01
.1018e-01
.7825e-01
.1023e-01
.7291e-02
.3810e-02
.8919%e-02
.5121e-02
.520%e-02
.5187e-01
.5019e+00
.7889%e+00

OOOOOOOOOOOOOOOO

.0000e+00
.5640e-02
.8981e-01
.1847e+00
.9058e-01
.8129%e+00
.6530e+00
.3550e+00
.5551e+00
.2996e+00
.7545e+00
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-5

-1.
-3.
-7.
-9.
.1585e+00

-2

.4233e-01.~

1025e-01
7964e-02
4774e-01
3840e-01

0

.8583e-03
.7333e-05

0

.7663e+01
.0686e+00
.6858e+00
.1485e-01
.4891e-01
.6557e-01
.2525e-01
.1737e+00
.2318e+00
.2538e+00
.3009e+00
.7902e-01
.9066e-01
.4366e+00
.303%e-01
.4475e+00
.6019e-01

OOOOOOOOOOOOOOOOOOOOOOOOOOO

5

5.
.5500e-02

3

-1.
.9088e+00
2.

-1

-2

6.
-1.
.3223e+00
.3028e+00
.0718e+00
-2.
.9143e-01
-1.
-5.

6.
.5618%e+00
.7795e+00
.3177e+00
.3622e+00
.4742e-02
.6717e+01
5.

-7
-2
2

-8

3
-2
-6
-2

5
-1

.0328e-01

6022e-01

7037e+00

6753e+00

0

.1697e-02
2.

0741e-05

0
0515e+00
6057e+02

6304e+00
7185e+00

7637e+00
6065e+00

9492e+00

OOOOOOOOOOOOOOOOOOOOOOOOOOO

7.
1.
-4,
.9915e-02
.1388e-01
.3698e+00

-2
2
-5

0160e-02
1310e+00
1469e-01

0

.2984e-03
.3973e-~05

0

.5702e+00
.6484e+00
.8754e+02
.2878e-01
.3343e+00
.6076e+00
.2016e+00
.7030e+00
.1473e+00
.3587e+00
.4416e+00
.5819e+00
.1861e+00
.1640e+00
.3008e-01
.6499e+01
.9800e+00

OOOOOOOOOOOOOOOOOOOOOOOOOOO



Columns 25 through 30

-4.
.7280e-06

-3

9.
-2.
-6.
.9956e+02

9.
-2.
-1.

5.
.4043e-01
3.
.2663e+00

9.
-1.
-9.
.6856e-02

-2

-9

1

-2
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3

-3

-6.
.2161e+00

0
5415e-03

0
5665e-01
4443e+00
5141e-01

9928e-01
9863e+00
2286e+00
8449e-01

3296e+00
0559e-01
6155e+00
5925e-01

8499e+00

[eNoNoNoNoReoRNoNoNoNoNoNeNoNoNeoNoNeoReNeNeNeRolfoBeRo e Re)

0

.1875e-02

1.5189e-03

0

7.7362e+00

-3.
6.

2.

0

.6425e-04
.5575e-06

0

.5604e-01
.7555e-01
.4042e+00
.4248e-01
.8455e+02
.6855e-01
.3792e-01
.9719e-01
.0876e+00
.09%6e+00
.2645e+00
.3231e-02
.3903e+00
.1870e+00
.4338e-01
.5654e+00
.1883e+00

[=NeloNoloNoNoNoNoNoNoNoNeoNoNoRoNoNoNoNelNoNeNelello ol

Columns 31 through 36

0
6567e-02
3703e-05

0
4735e+01

-6.
-1.

-2.

0

.2555e-02
.1668e-05

0

.4829e+00
.7243e+00
.6351e+00
.468%e-01
.7723e+00
.3131e+02
.6414e+00
.3932e-01
.1581e+00
.5307e+00
.7658e+00
.6107e-01
.3910e+00
.1698e+00
.9504e-02
.1192e+00
.1673e+00

e NsleoNoNoNoNeNeNoNeNoleleReloBoloNoNeRoNeoReo o NoRo oo

0
6828e-02
3805e-03

0
7215e+01
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9.
6.

-2.

0

.078%e-02
.5704e-05

0

.4967e+00
.4783e+00
.0384e+00
.6898e-01
.3022e+00
.3274e+00
.8897e+02
.9922e+00
.8763e+00
.3553e+00
.8571e+00
.9453e+00
.0917e+00
.3044e+00
.5815e-01
.381%e+00
.6031e+00

[oNeoNoNoNeNaNoNololoReNoloNeoNoNoNeRolleRole oo Nol oo RNo)

0
2362e-02
365%e-04

0
9006e+01

-3.
-1.

-1.

0

.9029%e-01
.8574e-03

0

.7185e-01
.2537e+01
.7315e+01
.2815e+01
.3097e+00
.1553e+00
.9563e-01
.6387e+02
.5278e+01
.1272e+01
.3051e+01
.2524e+01
.8116e+01
.0257e+01
.4023e+00
.1039%e+00
.6586e+00

0

[cNeNesNeoNeNoNoNoloNaeRoNoRo oo NolNalNeNe ol oo RNo RN oo Rl

0
1594e-02
2327e-03

0
1741e+01

-1.
2.

5.

0

.7374e-01
.2902e-03

0

.0342e+01
.4647e+01
.4977e+01
.1682e+01
.1809%e+00
.5451e+00
.4088e+00
.7362e+00
.2480e+03
.6495e+01
.2624e+01
.1782e+01
.9084e+01
.4751e+01
.8585e+00
.3587e+01
.4001e+00

[oNoReNeoReNeNolelNeloNoloNelolelNeNolloNolNoNe ool oo el ol

0
6300e-02
9772e-04

0
3668e+00



-2.7651e+01
-3.4244e+01
-1.0835%e+01
9.0650e+00
-1.217%e+01
-1.2521e+01
-2.1451e+00
-1.8318e+01
-1.8017e+03
7.8092e+00
2.1621e+01
-4 .6850e+00
-3.1966e+01
2.8442e+01
-1.4457e+01
1.9026e+01

OOOOOOOOOOOOOOOOOOOOOOOOOOO

-4.
-1.
-5.

8.
.3277e+01

-1

-2.
.9792e+00

9

-3.
1.
.1736e+03

-2

-2.
~3.
-7.
.3226e+01
.5692e+00
.9922e+00

2
3
9

9883e+01
6657e+01
5617e+00
0273e+00

6238e+00

6428e+01
6330e+01

1948e+01
7178e+01
6145e+00

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Columns 37 through 42

0
3.9364e-01
7.7456e-03

0

-1.5662e+01
2.7516e+01
7.4635e+01
2.4256e+01

-1.9197e+01
2.8290e+01

-5.7057e+00

-1.8600e+00

-3.
-5.

1.
-2.
.9052e+01

-2

-9,

1.
-1.
.3519e+00
.7326e-01

-2
8

0
2039%e-02
2218e-04

0
3065e+01
8625e+01

8351e+00
1331e+01
8112e+01

WP 2w

[

.8031e+00
.0830e+00
.1498e+00
.4272e+00
.3437e+00
.6755e+00
.7434e+01
.9750e+00
.1354e+01
.7047e+01
.8821e+03
.5219%e+01
.5157e+01
.8297e+00
.0387e+01
.2542e+00

OOOOOOOOOOOOOOOOOOOOOOOOOOO

0

.0562e-02
.8273e-05

0

.7659e+00
.9115e+00
.5738e+00
.1582e+00
.5378e+00
.514%e+00
.9291e+00
.5375e-01
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.4037e+01
.7180e+01
.1010e+00
.0833e+00
.5371e+01
.3257e+00
.7125e+01
.7128e+01
.2954e+01
.6437e+01
.0164e+01
.1283e+03
.8920e+01
.1316e+00
.9854e+01
.2682e+00

OOOOOOOOOOOOOOOOOOOOOOOOOOO

0

4.8222e-03

o

.4965e-06

0

.9369%e-01
.6823e-01
.3409e-01
.3382e-01
.9736e-01
.0550e-01
.1944e-01
.6810e-01

WHWRE P Www

2

3.
.2169%e+01
2.
2.

3

U

.1802e+01
.6705e+01
.0448e+00
.0607e+00
.0101e+00
.2054e+00
.8701e+00
6.
3.
2.
1.
.7664e+01

5856e+00
1184e+01
5638e+01
2799e+01

6423e+03
2003e+01

0442e+01
0

OOOOOOOOOOOOOOOOOOOOOOOOOO

0

.6083e-02
.1030e-05

0

.2084e+00
.6769e+00
.4500e+00
.1415e+00
.4871e+00
.167%e+00
.5066e+00
.6752e-01

WoOoNKONRWR

3.
2.
7.
5.
1.
.4974e+00
.1240e+00
.5588e+00
4.
.3204e+01
.1323e+01
6.
3.
3.
8.
4.

3
1
8

3
1

=

5604e+01
0638e+01
4052e+00
8103e+00
6518e+00

1817e+01

2624e+00
6278e+01
8427e+03
2876e+01
7337e+00

OOOOOOOOOOOOOOOOOOOOOOOOOOO

0

.3086e-03
.0831e-06

0

.0263e+00
.4577e+00
.7810e+00
.1367e-01
.1140e+00
.7649e+00
.8431e-01
.1831e-02



.6847e+01
.5809%e+01
.6681e+00
.6852e+01
.3617e+01
.7241e+01
.2341e+01
.8177e+03
.8770e+01

0

[oNeNeNoeNolololololoNoeNoReNoNoNoNoeNaoleNoReNeoNoNoNoNe

5
1

9
6
2
2

.4246e+00
.8888e+01
2.
.2122e+00
.7247e+00
.5980e+01
.2616e+00
7.
4.

6815e+01

8307e+01
2200e+03

[eNeoNeolleNoloeleNeNoRoRo oo No NaNeNeNoNoBoNoNeoRoNoNoNoNol

Columns 43 through 48

-3

-1.
.3281e-01
.4821e+00
.2786e-01
.5097e-01

-9
-4

_4_
.4487e+00
.7387e-01
.3597e-01
.0397e-01
.2785e-01
.6878e-01

-7
-7

0

.1200e-03
.8267e-04

0

.1435e-01
-1.
.7467e-01

6888e+00

2510e-01

2818e-01

|
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0

.7831e-03
.6077e-04

0

.8146e+00
.9104e+00
.7934e-02
.5173e-02
.0644e+00
.6097e+00
.0037e+00
.4784e-01
.0087e+00
.2655e+00
.5960e+00
.5314e+00
.8158e+00
.3645e-01
.8363e-01

1.
.7307e+00

-4

~-1.
-7.

2.
.3361e+00

1

-4.
5.
.7467e+00

-2

-6.

o U

-1

-1.
-2.
.2806e-02
.5602e-01
.7202e+00
.2708e+00
.9444e-04
-4,
.3452e+00
-3.
.1765e+00
.2640e-01
.4110e-01
.5730e-01

-1
-1

B oV W

9946e+00
4154e+00
6622e-01
6348e+00

3622e-01
2022e+00

7336e-0

o= NololeBeNeRoll oo e loNeoNo NeoeNeNeNoNoNoNeNoNoNoNo Nl

0

.0904e-04
.1015e-05

0

.6549e+00

5351e+00
6455e-01

6460e-01

0577e+00
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4.
-1.
-2.
-1.

5.

2.
-7.

1.
-5.

-1.

4964e-01
0461e+00
5825e-01
7965e-01
2032e-01
8428e-01

4722e-02

0501e+00
6801e-01

3467e+0

leeBoNololsloleRoNeoRoloRoNoNoNeNoNoNoNoNeoNoNoNoNoNolNael

0

.3465e-03
.4817e-05

0

.9037e-01
.0870e+00
.1193e-01
.8242e-01
.5977e-02
.5545e-01
.0678e-02
.9611e-01
.4844e-01
.7198e-01
.3900e-01
.3651e-02
.1016e-01
.1424e-01
.4596e-02

2

-4.
.7044e+00

-1

-6.
2.
.1134e-01

8

-4.
5.
.3795e+00

-2

-4.

.3934e+00

1723e+00

1444e-01
9923e+00

8939e-01
1680e+00

4891e+0

[=NejeBeNeNoNoRoNoNoloNeNeNoNoNoleNoNoNeNe el Nole ol

0

.0151e-03
.3773e-05

0

.9864e-01
.4987e+00
.3330e-01
.4408e-01
.2132e-01
.0624e+00
.9967e-01
.6234e-01
.0591e+00
.4075e-01
.0266e-01
.8685e-01
.9537e-01
.8393e-01
.2093e-04

1.
.5150e+00

-2

-1.
-5.

1.
.2798e-01
.4212e-01
.7717e+00
.7435e+00

5
-2
3
-1

-7.

-8

-1

-3

1
4

-7

9587e+00
1763e+00

6377e-01
8493e+00

8559e+0

[e=ReleRoNeNoe Ne e NoleBoloNaeleNeoNoRoNoNeNo e No No oo No N e

0

.2236e-03
-1.

8647e-04
0

.2346e-01
.0223e-01
-9,
.2673e-01
.4102e-02:
.7392e-01
.2727e~03
.9888e-02
.2473e-01
.4682e-01
-2.
.2162e+00
-3.
.1845e-01
.3745e-02

5197e-01

6610e-01

8339%e-01



-2.
1.

-8.

A -

8909e+00
5586e+00

9782e+0

OOOOOOOOOOOOOOOOOOOOOOOOOOO

6
-3

-1

.0539%e+00
.2025e+00

.0100e+0

OOOOHOOOOOOOOOOOOOOOOOOOOOO

Columns 1 through 6

-4.
.3286e+01

-1

-3.

-4,

2.
-2.
-8.
.9137e+02
.2119%e+03
.5900e+02

-1
1
-2

8.
.6815e+03
.4767e+03
.0263e+04
.2935e+04
.6461e+03
.2164e+03
.8539e+01
.9351e+02
.8225%e+01

3

17%0e-01

0693e-01

0
7762e+03
3340e+03
4924e+03
3934e+02

9196e+02

0
0

-3
-1

-5.
3.

-2

-8.
-4.
2.

-1

-1.

-1

1.
-2.

3
2

-3.
7.

2

~-4.

0
.6235e-01
.1966e-02

0
0626e+02
335%e+02
.3854e+02
0728e+01
8321le+01
3652e+02
.2235e+01
0457e+03
.1053e+02
1436e+02
6955e+02
.0306e+02
.2724e+02
32%2e+01
3433e-01
.2380e+01
9810e+01

0

0

-4.
3.

-1.

8953e-01
8394e-02

1223e+0

OOOI—‘OOOOOOOOOOOOOOOOOOOOOOO

0

.8357e-03
.8788e-04

0

.5876e+00
.9252e+00
.6136e+00
.2421e+00
.133%e-01
.9854e+00
.4601e-01
.738le+01
.5297e+00
.1831e-02
.8775e+00
.8879%e+00
.1756e+00
.5436e-01
.6920e-03
.6192e-01
.4997e-01

0
0
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2

-1.

-1.

-4.
.1582e+00
.0585e-02

-2
=7

-4.

2.
~-2.
-6.
.4643e+02

-3

1.
-1.
~-1.
.8711e+03
.1457e+02

-1
-3

-1.

1.
.7076e+03
.9616e+02

1
-5

1.
.1487e+01
.2696e+01

-9
-7

.946%9e-01

4643e-01

3467e+0

OOHOOOOOOOOOOOOOOOOOOOOOOOO

2796e-01

0
0604e+03
5850e+03
0286e+03
8974e+02

8715e+03

9086e+02
0736e+04

0017e+03
8563e+03

563le-01

0
0

-1.
9.

-1.

4472e+00
6796e-01
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
9079%e+01
0

0

.1105e-02
.2823e-03

0

.3613e+02
.5826e+01
.5991e+01
.9360e+01
.3904e+01
.6480e+01
.8778e+00
.3033e+02
.2314e+01
.7201e+01
.3107e+01
.6922e+01
.0999%e+01
.4254e+01
.4049e+00
.4009%e+00
.6935e+01

0
0

-2.9179%e+0

-9.9552e-02
-1.6995e-01

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

0

-1.2991e-03
-2.2137e-05

0

-1.2154e+00
8.9500e-01
-9.3193e-01
-3.083%e-01
-9.3009e-02
6.7954e-01
3.7657e-02
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Appendix D

Estimation of Component Lift Curve Slopes

This appendix provides a simple least squares estimate for the component lift curve slopes
needed to implement the structural mode shape (internal terms) and aerodynamic lift curve slope
parameter variations in Section IV-F. The framework for the estimation is based on linear, first
order component build-up procedures utilized in preliminary aircraft dynamic analyses.

Assuming only wing (W), horizontal tail (H), and vane (V) components, the overall
airframe lift and pitch moment dimensionless derivatives with respect to angle of attack and pitch

rate, in terms of component geometry and lifting surface characteristics are

Sw Sy . Sv
cLa=—cEVa+——c§a+—c,‘_’a

S g 3
CLq=—2§§EXTWCEVa"2"§§ﬁ§cEC§a—2§§Y-%YCXa
ug =P Rl PR R,
Cuy == 2 B e oS M o oS X oy
where
CL°‘=—H¥T Zw CLq_—zc?S\elT q
Maz%ygTTMw CMf%Mq

Inherent assumptions associated with these equalities include no interference effects, neglection of
drag terms, small angle assumption, and linear aerodynamic characteristics only. The above

parameters and variables are defined as

S - vehicle reference area
c - vehicle reference chord
Sk - component reference area (k = W, H, V)
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Clﬁa - component lift curve slope (k =W, H, V)

Xk - body x axis component aerodynamic center location (k = W, H, V)
m - vehicle mass
I - vehicle pitch moment of inertia

Yy
Vr - total velocity

g - dynamic pressure

CLi - vehicle dimensionless lift stability derivative (i = o, q)

CMi - vehicle dimensionless pltCh stability derivative (i =@, q)

Z; - vehicle dimensional z axis translational stability derivative (i=w, q)
M; - vehicle dimensional y axis rotational stability derivative (i=w, q)

In the above relationships, all geometric and inertial data and aerodynamic center location
data are assumed known leaving only the component lift curve slopes as unknown variables to be
solved for. Since the vane planform is an identically scaled duplicate of the horizontal tail
planform, the associated lift curve slopes are assumed equal, or

Cly=Cly
Also note the CLq and Cyp,, equalities suggest these derivatives are related as CLq =-2Cp,- The
vehicle numerical data does not adhere precisely to this assumed structure. Therefore, the above
equalities represent four independent equations in two unknowns. In matrix notation, these

equalities are expressed as

Sw SutSy

sg 5 ° 5 L,
SwXw _,SHXHIOVRY W

-2 S g % Clof _ Ciq
g gHXH‘i'SVXV Cga CMa
S C Sc Cm
Sw XW2 SHXH2+§VXV2 q-

“rF 2 T sz
A ox = b

The least squares solution for the unknown lift curve slopes is
x = (ATA)IATH

Numerical data necessary for the above solution is listed below.
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§=7,100 ft2 T =86.02 ft

Sw =7,100 f2 Xg¥e = 2,280 in

Sy =700 fi2 xH,. =3298.55 in

Sy =177.5 fi2 Xyac =400 in

m = 11,960 slug Iyy = 4.395x107 slug ft2 Xsem = 2152.55 in
V= 267.95 ft/s g = 85.33 Ibf/ft2

Z,, =-1.081 1/s Zy=-17.32fus

M,, =-0.01824 1/ft s M, =-0.08397 1/s

The variables X, ., and xX,. denote the vehicle mass center and component aerodynamic center
locations in the structural axes (i.e., x, = xK = xg o —xK_ ).

With the above outline, the component lift curve slope estimates are
Cl" =5.943 l/rad
CL_=2.073 lrad
Cy,=2.073 lrad

and the accuracy of the least squares solution is given below.

6.200 5.720

| 1745 | 2131
Ax=|_ 8727 b=l 4121
—0.9837 —0.4412
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